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Foreword 


This volume deals with the technologies of the fabrication of important semicon¬ 
ducting and dielectric crystals, with their characterization, and with the machining 
of these bulk crystals. Thus, it will be of interest to all scientists, engineers and 
students who are engaged in this wide field of crystal technology. The largest frac¬ 
tion of industrial crystals consists of semiconductors such as silicon, gallium arse¬ 
nide, indium phosphide, germanium, cadmium telluride and its solid solutions, 
and group-III nitrides. Another large fraction of dielectric crystals includes optical 
and scintillation crystals and crystals for the watch and jewelry industries. 

The requirements with respect to structural perfection, homogeneity and yield 
are ever increasing, so that the crystal-producing industries are interested in the 
optimum method to fabricate quasiperfect crystals economically. For a specific 
crystal there are perhaps only one or two optimum growth methods, when taking 
into account all relevant factors like thermodynamics, amortization of equipment, 
building and infrastructure, labor and material costs, consumption of energy and 
cooling water, and increasingly important ecological aspects. Thereby, the advan¬ 
tages and problems of batch processes should be compared with a quasicontinu- 
ous Czochralski (CCZ) process, an example of which is discussed in this book. 
Also, the many growth parameters have to be optimized and often compromised, 
like the temperature gradient at the growth interface, which should be low for high 
structural perfection and homogeneity, but as high as possible to remove the latent 
heat and to achieve economic high growth rates. 

Another growth parameter is convection that was long regarded as harmful by 
causing inhomogeneities (striations). Thus, great efforts were spent to reduce 
convection by microgravity (Skylab, Spacelab, etc.) or by damping magnetic fields. 
But then it was theoretically and experimentally demonstrated that forced convec¬ 
tion of nearly isothermal melt fractions does not cause striations. Now, forced 
convection has become more widespread as it has the additional advantage to 
reduce the diffusion boundary layer in front of the growing crystal and thus 
increases the stable growth rate of inclusion-free crystals. Even alternating flow 
directions and flow velocities like reciprocal stirring in growth from aqueous 
solutions, or accelerated crucible rotation (ACRT) or the small mixed-melt volume 
in the CCZ process in growth from high-temperature melts can be optimized to 
yield striation-free crystals. In this connection it will be interesting to see whether 
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Foreword 


vibrations or magnetic stirring, as proposed in this volume, will find wide applica¬ 
tion, despite some obvious problems. 

Modeling of crystal growth processes has become increasingly important as-with 
progress in computers and software-it is approaching realistic time, dimension 
and energy scaling, including complex convection regimes for industrial crystal 
fabrication. Five reviews in the book deal with numerical process simulation, 
which will thus assist with establishing the optimum growth method and the 
optimum growth parameters. 

Also, in the production of epitaxial layers (epilayers) and multilayers one would 
expect an optimum growth method although epitaxy from the vapor phase (like 
metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy 
(MBE)) has become dominating, whereas liquid-phase epitaxy (LPE) is losing its 
dominating role. Since in LPE the free-energy difference between the mobile 
species and the solid is by several orders of magnitude lower than in epitaxy from 
the vapor phase, the corresponding low supersaturation in LPE allows a real layer- 
by-layer (Frank-Van der Merwe) growth mode. Thus, the fabrication of structurally 
quite perfect layers with extremely flat surfaces is possible in homoepitaxy and in 
heteroepitaxy when the misfit between substrate and layer is low. These advan¬ 
tages are exploited in LPE production of CdHgTe (CMT) and of magnetic garnet 
films as outlined in this book; LPE of GaN is also now in development. 

Characterization of industrial crystals, layers and surfaces is well established and 
required to achieve optimum performance and yield. However, characterization is 
not often done for crystals used in solid-state physics research. Sufficient charac¬ 
terization is defined as analysis of all those structural and chemical aspects of the 
sample that have or may have an influence on the specific measurement, because 
all crystals are different with respect to defects, impurities and inhomogeneities. 
Especially in physical measurements of high-temperature superconductors this 
was neglected so that many measurements are not reproducible. 

Optimization is required for all aspects of crystal technology, also for crystal 
machining. Optimized sawing of crystals increases the yield of crystal and wafers 
and reduces the lapping and polishing/etching efforts. The development of novel 
crystal machining processes is essential and is covered in this volume. 

Crystal technology has been and continues to be a key element in the development 
of micro- and optoelectronics and thus of computers, communications, and wide¬ 
spread electronics. With the forthcoming energy crisis, and the related climate-C0 2 
problem, advances in crystal technology will become even more important and an 
essential factor for the future of mankind. Contributions of crystal technology will 
be crucial for saving energy, in energy transport, in renewable energy, and possibly 
also for the future hope of inertial fusion energy; the required crystal development 
of which is discussed in this book. Enormous amounts of energy can be saved 
with improved wide-bandgap devices based on GaN and SiC to be applied in all 
kinds of illumination (LEDs) and in high-power/high-temperature electronics. In 
renewable energy, photovoltaic cells based on III-V compounds with high effi¬ 
ciency (e > 35%) using concentrated sunlight will compete with the presently 
preferred silicon-based solar cells with a maximum e of only 18%, thus requiring 
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large panel surface areas. High-temperature superconductivity (HTSC) could have 
an enormous role in energy saving and storage, in electric power transmission 
and in renewable energy, if its complex crystal- and material-technology problems 
could be solved, a chance missed in the hectic 20 years after the discovery of HTSC 
that were dominated by nonreproducible HTSC physics. 

Despite its importance crystal technology is faced with the problem that no 
targeted education exists of crystal-technology scientists and engineers. So far, crystal- 
producing companies have had to hire chemists, material scientists, or physicists 
and provide them with extended education and training. One would wish that soon 
some technical universities would establish a multidisciplinary curriculum fol¬ 
lowed by special courses of all aspects of crystal technology and practical training 
in companies in order to produce crystal-technology scientists and engineers. This 
book will assist students and lecturers in this task, besides being useful for the 
exchange of experiences of current crystal-growth experts. 

Beatenberg, Switzerland, February 2010 Hans J. Scheel 
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Preface 


This book deals with the technologies of crystal growth, crystal characterization 
and crystal machining. As such it will be of interest to all scientists, engineers and 
students who are engaged in this wide field of technology. High-quality crystals 
form the basis of many industries, including telecommunications, information 
technology, energy technology (both energy saving and renewable energy), lasers, 
and a wide variety of detectors of various parts of the electromagnetic spectrum. 

Of the approximately 30000 tons of bulk crystals produced annually the largest 
fraction consists of semiconductors such as silicon, gallium arsenide, indium 
phosphides, germanium, group-III nitrides, cadmium telluride and cadmium 
mercury telluride. Other large fractions include optical and scintillator crystals and 
crystals for the laser, watch and jewellery industries. 

For most applications these crystals must be machined, i.e. sliced, lapped, pol¬ 
ished, etched or surface treated in various ways. These processes are critical to the 
economic use of these crystals as they are a strong driver of yields of usable mate¬ 
rial. Improvements are always sought in these various areas for a particular crystal. 

This book contains 18 selected reviews from the “Fourth International Work¬ 
shop on Crystal Growth Technology” organized in Beatenberg, Switzerland by 
Hans Scheel between 18-25 May, 2008. The first in the series “First International 
School on Crystal Growth Technology” was also in Beatenberg between 5-14, 
September 1998, the second in the series was held between August 24-29, 2000 
in Mount Zao Resort, Japan and the third was held in Beatenberg, Switzerland 
between 10-18 September, 2005. The first workshop generated a book of 29 
selected reviews that was published in 2003 by Wiley, UK entitled “Crystal Growth 
Technology” edited by Hans J. Scheel and Tsuguo Fukuda, while the third gener¬ 
ated a book of 19 selected reviews that was published in 2008 by Wiley-VCH, 
Germany entitled “Crystal Growth Technology” edited by Hans J. Scheel and Peter 
Capper. 

Part 1 covers general aspects of crystal-growth technology, including thermody¬ 
namics, modelling of vapor growth, and the influence of vibration on growth. Part 
2 discusses the growth of several compound semiconductors in more detail. These 
include gallium arsenide, aluminum nitride, silicon carbide, III-V ternaries, 
cadmium mercury telluride and cadmium zinc telluride. Part 3 covers the growth 
and applications of a range of dielectric crystals, including oxides and sesquioxides, 
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halides, and garnets for a wide range of applications. The final section of the book, 
Part 4, contains just one chapter on the current situation in crystal machining 
using plasmas. 

The editors would like to thank all the contributors for their valuable reviews 
and the sponsors of IWCGT-4. Furthermore, the editors gratefully acknowledge 
the patience and hard work of the following at Wiley-VCH: Eva-Stina Riihiaki, 
Martin Graf, Maike Petersen and Hans-Jochen Schmitt. 

The editors hope that the book will contribute to the scientific development of 
crystal-growth technologies and the education of future generations of crystal- 
growth engineers and scientists. 

Southampton, UK and Berlin, Germany Peter Capper and Peter Rudolph 
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Thermodynamic Modeling of Crystal-Growth Processes 

Eberhard Buhrig, Manfred Jurisch, Jurgen Korb, and Of Patzold 


1.1 

Introduction 

Single-crystal growth from the melt is a very complex process that can be described, 
analyzed and controlled by various models. Relevant models [1-9] focus on: 

• temperature distribution in melt, growing crystal and growth equipment, 
convective flow in the melt, stress/strain field in the growing crystal including 
the formation of defects like dislocations; 

• temperature-dependent defect inventory of the crystal; 

• behavior of melt/crystal interface and atomic growth mechanisms; 

• thermochemical reactions in the growth chamber. 

This chapter shows current possibilities and limitations of thermodynamic/ 
thermochemical modeling in bulk single-crystal growth. In view of the highly 
complex subject matter the choice of the examples makes no claim to be complete, 
but shall consider very different modeling applications. 

The fundamentals of thermodynamics/thermochemistry in crystal-growth proc¬ 
esses have been described by Jacobs [5] in a very comprehensive way and are 
assumed to be known as a basis for the following. 

The complex software package ChemSage and its successor FactSage [10] that 
are based on a minimization of the Gibbs free reaction energy are used for the 
thermodynamic calculations. This software offers solutions for the entire proce¬ 
dure from data gathering up to process simulation. To avoid confusion with other 
definitions and to facilitate our own activities the ChemSage nomenclature is used 
in this chapter [11]. 

It should, however, be mentioned that there are also available other program 
packages with similar capabilities, for example, Thermo-Calc [12] or HSC Chem¬ 
istry [13]. As the general approach of thermodynamic modeling does not depend 
on the software the application of ChemSage/FactSage is not compulsory. 
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Thermodynamic/thermochemical models are simplified versions of the real 
processes, that is, they may only reproduce aspects included in the model. The 
resulting limitations have to be taken into consideration for any interpretation of 
results. In particular, it should be emphasized that thermodynamic models only 
describe thermodynamic equilibrium conditions and do not include reaction 
kinetics. 


1.2 

General Approach of Thermodynamic Modeling 

1 . 2.1 

Basics 

Thermodynamic modeling is a highly efficient tool that may be used to describe, 
develop, optimize and control crystal-growth technologies. It has, however, also 
the following shortcomings and limitations: 

• only equilibrium conditions can be described that very seldom occur under 
conditions of practical relevance; 

• a complete data set of all relevant species is necessary for a comprehensive 
description of the respective thermodynamic system; 

• a highly efficient software is required for calculations. 

Therefore, thermodynamic modeling is mainly applied to make statements of 
trend. 

1.2.1.1 State Variables for the Description of Equilibrium Conditions 

Thermochemical and thermodynamic modeling are regarded as synonyms with 
thermodynamic modeling being the preferred term in this chapter. 

Thermodynamics defines thermodynamic state variables that are both inde¬ 
pendent influencing parameters and measures at the same time. The most impor¬ 
tant state variables are given in Table 1.1. 


Table 1.1 State variables. 


Temperature 

r 

In K or °C 

Volume 

V 

In m 3 ,1, dm 3 

Amount 

n 

In mole 

Concentration 

c,x 

Mole fraction 

Pressure 

p 

In bar 

Partial pressure 

V 

For ideal systems 

Fugacity 

f 

For real systems 

Surface 

o 

In m 2 /mole, relevant for very small particles 

Energy 

E 

In 1 (magnetic, mechanical, electromagnetic, etc.) 
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Reactions between the components of a thermodynamic system can be charac¬ 
terized by thermodynamic state functions (thermodynamic potentials) depending 
on state variables. The most important state function in thermodynamic modeling 
is the Gibbs free energy (G) that defines 

• the equilibrium state of a system; 

• the capacity for doing chemical work; 

• the chemical potential of substances; 

• the direction of chemical reactions; 

• the magnitude of the driving force for chemical reactions. 

The Gibbs free energy is given by 

G = H-T ■ S (1.1) 

with H, enthalpy, T, temperature and S, entropy. 

It can be split into several terms: 

G = G ref + G id + G“ (1.2) 

with the following meanings: 

• G ref , reference values of pure substances at T = 298.5 K and P = 1 bar taken 
from databases; 

• G ld , Gibbs free energy of an ideal system in dependence on state variables; 

• G“, deviation from ideal behavior in a mixed system. 

For the excess Gibbs free energy G ex the model of a sub-regular solution accord¬ 
ing to Redlich-Kister-Muggianu [14] is used in this chapter. It is valid for binary 
i-j interactions in multi-component systems. 

Gf = x i x j I. v L^{x i -x ] ) M (1.3) 

L M , interaction parameter 
x, concentration 

If necessary, a fourth member, the so-called constrained power operator, can be 
added to Equation 1.2 by which additional influencing parameters like magnetic 
or electric fields, electrolytic potentials as well as time-dependent aspects of single 
reactions may be integrated into the model [15]. 

1.2.1.2 The ChemSage Software Package 

The commercial ChemSage software package has been developed by Gesellschaft 
fur Technische Thermodynamik und -physik GmbH [16]. This package allows for 
the complete thermodynamic modeling of complex crystal-growth processes. A 
schematic overview of the ChemSage family is given in Figure 1.1. 

The actual thermodynamic calculations for all program members take place in 
the central module (solver), the Gibbs free energy minimizer. This module is not 
accessible to users. 

ChemApp [17] is a freely accessible programming platform which allows for 
programming of peripheral applications and online connection to external pro¬ 
grams of global models, for example, crystal-growth processes. 


e 
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Figure 1.1 The ChemSage family. 

In the following, the FactSage program is preferentially used. With this program 
it is possible to realize numerical calculations, graphical representations and 
input/output procedures, as well. FactSage also allows for connections with inter¬ 
national database systems by which the standard values of the Gibbs free energy 
can be obtained for all relevant species of the investigated system. 

In addition, the following modules belong to the ChemSage family: 

• SimuSage, a software for interactive simulation of processes; 

• ChemSheet, a software for handling input/output operations including all 
functions of the Excel software. Even externally programmed processes like 
diffusion or other time-dependent procedures can be integrated by ChemSheet. 

Furthermore, the ChemSage family comprises an effective module for optimiza¬ 
tion of thermodynamic data by which missing initial data can be added or adjusted. 
Finally, a thermodynamic model of a reactor is available that allows for simulations 
of pseudo-3D and time-dependent processes. 

In the following, there are given some examples for the calculation of realistic 
thermodynamic functions of single-species and stoichiometric reactions as well as 
calculations of many-component, many-phase equilibria. 

The first example will be considered in detail in order to demonstrate the single 
steps of thermodynamic modeling, whereas the remaining ones are illustrated in 
an abbreviated form, as the general approach is always the same. 


1.3 

Crystal Growth in the System Si-C-O-Ar (Example 1) 

The first step of modeling is the detailed formulation of the task and the selection 
of the components relevant for the system. 






















1.3 Crystal Growth in the System Si-C-O-Ar (Example 1) | 7 

In the following, a special aspect of thermal silicon technology will be shown. 
The system components are Si, C, O and Ar chosen because of their practical 
relevance: 

• metallurgical silicon can be obtained from silicon oxides and carbon containing 
components in an electrical arc furnace (Si-O-C); 

• silicon single crystals of electronic purity are grown under vacuum or in an Ar 
atmosphere by the Czochralski method from fused silica crucibles supported 
by graphite containers; 

• silicon single crystals can also be grown by the floating zone technique under 
vacuum or argon protective gas; 

• silicon sheets are produced by the EFG (edge-defined film-fed growth) process 
using graphite crucibles and graphite shapers; 

• ingot casting of silicon for solar cell production. 

In any case, the quality of silicon is mainly determined by carbon and oxygen 
impurities. 

1.3.1 

Selection of Species 

As a rule, there are different and sometimes contradictory data for a given number 
of components of existing species and their modifications in international data¬ 
bases or publications. For this reason, a constrictive selection has to be made as 
the next step (Table 1.2). 

1.3.2 

Test Calculation, Check of Consistency 

The next steps are test calculations and check of data consistency. As an example, 
the calculated Gibbs free energies for 1 mole of the stoichometric condensed 
phases of the system at 1413.85 °C and 1 bar are compiled in Table 1.3. Despite 


Table 1.2 Species in the Si-C-O system under Ar as a possible protective gas. 


Stoichiometric, 
condensed phases 

C, Si0 2 , SiC 

Solid solution phase 

Si(s) containing O and C 

Liquid solution phase 

Si(l) containing O, C 

Gas phase 

Containing Si0 2 , SiC, Ar, SiO, CO, Si, Si 2 C, Si 2 , Si 3 , C02, Si 2 0 2 , 
SiC 2 , O, 0 2 , C 2 0, C(with a cut-off pressure of 2 x 10 _ls bar) 





8 1 Thermodynamic Modeling of Crystal-Growth Processes 


Table 1.3 Gibbs free energy of selected condensed phases (original print). 


Constituent 

Heat capacity 

Enthalpy 

Entropy 

Gibbs energy 


IK" 1 

1 

IK" 1 

) 

lmol of Si (1) 
lmol of Si (s) 
lmol of SiC (s) 
lmol of Si0 2 (s) 

2.719 60E + 01 

2.922 24E + 01 

5.20217E + 01 

7.36727E + 01 

8.625 02E + 04 

3.604 22E + 04 

-7.50157E + 03 

-8.13803E + 05 

9.15688E + 01 

6.179 75E + 01 

9.01619E + 01 

1.55 336E + 02 

-6.822 64E + 04 

-6.82102E + 04 

-1.596 05E + 05 

-1.075 85E + 06 
Original print 


T = 1413.849 870 51 °C, P = 1.000 00E + 00 bar. 


the different molecular weights the numerical values of the Gibbs free energies 
allow the following statements to be made: 

• the Gibbs free energy of solid and liquid silicon are equal, that is, Si(l) and 
Si(s) are in thermodynamic equilibrium at a temperature of 1414.85 °C, defining 
the crystallization/melting temperature characteristic for the data set, 

• the Gibbs free energies of Si0 2 and SiC are more negative than G for Si(l) and 
Si(s), that is, a reaction including silicon is impossible as long as free carbon 
or oxygen exist in the system, 

• Si0 2 has a more negative Gibbs free energy compared with SiC, that is, oxygen 
suppresses carbon in silicon carbon compounds (at the given temperature). 

In this way, the existence of all species of the model system can be roughly 
assessed as a function of temperature and pressure. The actual stability of species 
can, however, only be defined by a thermodynamic equilibrium calculation of the 
complete system or of single chemical reactions (see next item). 

1.3.3 

Calculation of Gibbs Free Energy for Selected Reactions 

At high temperatures, permanent reactions take place between the individual 
species and phases of the model system. Therefore, dynamic equilibria will be 
calculated the status of which depends on temperature and concentration of 
species/components. As an example, the adjustment of the dynamic equilibrium 
for the single reaction of oxygen containing liquid silicon and gaseous SiO will be 
considered. The reaction scheme is displayed in Figure 1.2. 

The temperature of 1414 °C just above the melting point of silicon (see Table 
1.3) has been chosen. Using FactSage a negative Gibbs free energy of the reaction 
dG is obtained, that is, gaseous SiO is spontaneously formed. From the equilib¬ 
rium constant describing the ratio of the oxygen activity in liquid silicon to the 
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Reactant: Si/LIQUID/ + O/LIQUID/ | | Products: SiO/gas/ 


T/C 

dH/J 

dG/J 

K 

1414.0 

-1.5760E+05 

-2.9115E+05 

1.0327E+09 


spontaneous reaction 


equilibrium 

K = p(SiO/gas/) / a(0/LIQUID/) 


Figure 1.2 Reaction of liquid silicon with SiO. 



Figure 1.3 Principles of G minimization in the model system Si-C-O-Ar, G®, molar integral 
Gibbs free energy of phase 0 , n®, mole number of the constituents / of phase 0 . 


activity of SiO in the gas phase it follows that there always exists a SiO partial 
pressure over oxygen-containing silicon. 

1.3.4 

Minimization of Gibbs Free Energy of Complex Systems 

The calculation of Gibbs free energies of single components as well as the calcula¬ 
tion of dG values for single reactions in a complex system is incomplete in the 
sense that in a multi-component system all species react with each other and an 
equilibrium state will occur. For the calculation of such a complex equilibrium a 
minimization of the Gibbs free energies of the entire system is necessary with 
consideration of concentrations, activities and partial pressures of all species in all 
phases. This procedure is schematically depicted for the model system Si-C-O-Ar 
in Figure 1.3. Slags have not been considered in these calculations. 
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Figure 1.4 Condensed phases in the high-temperature reactor. 
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The question to be answered next is: What are the conditions for the production 
of elementary silicon in a high-temperature reactor? The high-temperature reactor 
for the production of metallurgical silicon could be an electrical arc furnace. One 
of the reactions that take place is: 

Si0 2 + 2C Si + 2CO (1.4) 

The results of the calculations are graphically represented in Figure 1.4. The 
temperature-dependent coexistence of the condensed phases are given. Elemental 
silicon does not exist below 2100°C, instead there are Si0 2 , SiC or C. At tempera¬ 
tures above 2100 °C elemental liquid silicon is formed. The amount of silicon 
increases up to a maximum at a certain temperature. The following decrease of 
the amount of liquid silicon is caused by the increasing evaporation of silicon, that 
is, the transition into the gas phase. This is evident from Figure 1.5 representing 
the partial pressures of different species in the gas phase. 

These calculations provide a first approximation of the conditions for the carbo- 
chemical production of silicon. A refined and more realistic thermodynamic 
description of the process requires the application of the above-mentioned reactor 
model. This has been demonstrated by Hack in [11]. 

1.3.5 

The Thermodynamic-Technological Model of the Edge-Defined Film-Fed Growth 
of Silicon 

In the above-discussed example the reactor is regarded as a black box without 
geometrical constraints. As an example of a geometrically structured thermody¬ 
namic-technological model the production of thin silicon ribbons by edge-defined 
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temperature /°C 


Figure 1.5 Partial pressures of species. 
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film-fed growth (EFG) [18] is considered. A schematic cross-section of a EFG 
reactor is shown in Figure 1.6. It is not the real reactor, but provides the basis for 
a description of possible chemical reactions. 

The process is performed in a closed reactor filled by an argon protective gas of 
about 1 bar. The crucible consists of graphite and is continuously charged with 
granulated silicon. The silicon ribbon is formed by a graphite shaper and is con¬ 
tinuously drawn upwards at a certain rate. As the silicon granules are covered by 
Si0 2 , oxygen is incorporated in the charge as an impurity. A second source of 
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oxygen impurity is the flushing with argon protective gas. Therefore, an accumula¬ 
tion of oxygen impurities will take place in the course of the process. 


• Again, Si-C-O-Ar are the components of the systems. The species and phases 
are the same as given in Table 1.2. Inside the melt there are different tem¬ 
peratures: the highest at the graphite crucible (4), the lowest at the phase 
boundary between liquid and solid silicon (1). Without going into detail the 
thermodynamic calculations show the following: 


• at position (1) in Figure 1.6 crystallization takes place characterized by the 
corresponding distribution coefficients of oxygen, carbon and other impurities: 


fe _ Si(s)(Q, C) 
Si(l)(0, C) ’ 


(1.5) 


• at position (2) reactions between oxygen and carbon with the liquid silicon 
occur and the vessel is filled by reaction products; 

• reactions between the gas atmosphere and solid silicon take place at positions 
(3), where either Si0 2 or SiC are formed depending on the chemical condition 
in the gas phase; 

• at position (4) a reaction between the graphite crucible and liquid silicon is 
indicated, leading to a more or less closed SiC layer and an incorporation of 
carbon into liquid silicon; 

• the outer surface of the graphite crucible (5) is likewise covered by Si0 2 or SiC 
due to O- and C-containing species in the gas atmosphere; 

• condensation of Si0 2 and SiC, but also of Si (6) take place at the cold container 
wall; 


• position (7) indicates a possible homogeneous precipitation in liquid silicon 
caused by a temperature and/or concentration supersaturation; 

• the possible formation of solid or liquid particles in the gas phase is marked 
at (8); 

• the possible precipitation in solid silicon during cooling down of the ribbon is 
indicated at (9). 


At all positions mentioned above it is possible to optimize the process or to 
analyze negative effects. 

In the following some results of the calculations are described. 

As a first example, the evaporation of Si species from a Si melt at a temperature 
of 1414°C in a reactor filled with argon at 1 bar is considered (Figure 1.7). The 
model describes the start of the process after melting of solid silicon. The calcula¬ 
tion has been performed in such a way that an increasing amount of silicon was 
injected in a given volume. Three Si containing species are formed: Si, Si 2 and Si 3 . 
The dominating species is Si, the amounts of Si 2 and Si 3 are lower by two orders 
of magnitude. By varying the Si amount (x-axis) equilibrium pressures between 
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n Q7 ,/n 

Si(gas) o 


Figure 1.7 Evaporation of Si species into an Ar-filled reactor ( p 0 , reference pressure, n ot 
reference amount). 


Si, Si 2 and Si 3 species and the melt are reached at a value of 5.8 E-09 (vertical line 
in Figure 1.7). At this point, the gas phase is saturated by all of the Si containing 
species. A further increase of the total amount of silicon in the gas phase, for 
example, by an input of gaseous Si would result in a condensation of species and 
in an increase of the amount of liquid silicon. 

The rate of equilibrium establishment is determined by the kinetics of evapora¬ 
tion/condensation as well as diffusion and convection in the system. 

The next calculation deals with the influence of carbon in the crystallizer. The 
initial state of the system (1414 °C, 1 bar) is characterized by liquid and solid silicon 
in mixed phases and the Ar gas phase containing Si, Si 2 , Si 3 , C, C 2 , C 3 , SiC and 
SiC 2 as dominant species in the gas phase. The liquid and solid silicon contain 
carbon as the main constituent. 

The addition of carbon can be realized in the ChemSage program by injecting 
carbon into the gas phase, by feeding of C-containing silicon or by dissolution of 
a carbon source (e.g., graphite from the internals). As can be seen from Figure 
1.8, the C content of liquid and solid silicon increases with increasing C injection, 
at first without generation of a new phase. At the same time the carbon content 
of the mixed gas phase, that is, is the partial pressures of corresponding species 
increase (not displayed in Figure 1.8 for the sake of clarity). Each carbon content 
in liquid silicon corresponds to an equilibrium C content in solid silicon as well 
as in the gas phase. 

At a critical amount of carbon (1.1 x 10" 8 mole in the model) solid carbon 
carbide, SiC, is formed as a new phase. A further increase of the amount of carbon 
does not change the carbon content in the liquid and solid silicon as well as in the 
gas phase, but the amount of SiC will increase. The SiC forms a layer on the 
surface of liquid or solid silicon or precipitates in the volume of the phases. 
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Figure 1.8 C injection in the system. 
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Figure 1.9 Oxygen content of liquid silicon in dependence of temperature. The data applied 
for the calculations were taken from SGTE pure substances database, version 2007. 


In the next example the homogeneous reaction between oxygen and liquid 
silicon is considered as a function of temperature (Figure 1.9). 

A confined region of the thermodynamic system (e.g., a chemically insulated 
region without phase boundaries) shall be contaminated by an oxygen-containing 
gas phase or oxygen loaded silicon at a temperature of 1430 °C (“position A” in 
Figure 1.9). We assume that this insulated region will be transported without 
material exchange with the surroundings to a region of lower temperature, for 
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Figure 1.10 Global model of crystallization. 


example, in the direction of the melting temperature of 1414 °C (“position C” in 
Figure 1.9). At first, during the transition to lower temperature the content of 
oxygen in the melt does not change. At the temperature marked by B in Figure 
1.9 precipitation of Si0 2 starts assuming that no supersaturation is necessary. The 
amount of precipitated Si0 2 increases with further decreasing temperature reach¬ 
ing a maximum at the crystallization temperature of silicon (“position C” in Figure 
1.9). The precipitates are possibly incorporated into the growing Si crystal. They 
can be the reason for the formation of structural defects up to the transition to 
polycrystalline growth. The formation of Si0 2 precipitates can only be suppressed 
by a reduction of oxygen content in liquid silicon below the solubility limit. An 
accumulation of Si0 2 precipitates is possible especially in the capillary region of 
the EFG crystallizer. 

The above-discussed 3 examples supply qualitative statements only. To get 
quantitative results precise technological parameters like amounts, concentra¬ 
tions, volumes, etc., have to be used. 

Nevertheless, to ensure that results will be feasible and more realistic, thermo¬ 
dynamic equilibrium calculations have to be supplemented by a global model of 
the process. This global model should combine the precise process parameters 
with the thermodynamics and kinetics of the process as well as with the transport 
of heat and mass in the system. Such a global model is outlined in Figure 1.10. 

Solutions for components of the model are already available. The integration of 
these components into a global model is, however, a task for the future. 


1.4 

Crystal Growth of Carbon-Doped GaAs (Example 2) 


A thermodynamic-technological model of SI (semi-insulating) GaAs growth has 
to consider: 
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a) the chemical reactions between the GaAs input, the construction elements 
and the auxiliary materials (boron oxide, crucible and impurities in the growth 
system); 

b) the inventory of defects in the GaAs crystal which depends on the “freezing 
process” of defects after crystallization and determines the application-ori¬ 
ented properties. 

SI behavior of GaAs (e.g., [19]) occurs if the condition N EU > [C]-(N ESD - N LSA ) > 0 
is fulfilled. N EL2 and [C] are the EL2 content and the concentration of intentionally 
doped carbon, respectively, and (N LSD - N 1SA ) ~ 10 14 cm“ 3 is the concentration of 
impurities acting as shallow acceptors (SA) and shallow donors (SD). EL2 is an 
intrinsic mid-gap double donor, most probably a single arsenic antisite atom As Ga 
[20] controlled by the composition in the homogeneity range of GaAs. If the 
content of residual impurities can be considered to be low, the carrier concentra¬ 
tion, and thus the electrical resistivity of SI GaAs is determined by the carbon 
concentration. 

As a first approach, a thermodynamic analysis of the complex reaction system 
has been performed to establish a control procedure for carbon during LEC (liquid 
encapsulated Czochralski) growth or VGF (vertical gradient freeze) growth of SI 
GaAs. The reaction system comprises the gas atmosphere, the boron oxide encap- 
sulant, solid and liquid GaAs, the pBN crucible and the graphite heaters. Again, 
transport of reactants in the fluid and solid phases is neglected. A fast reaction 
kinetics at phase boundaries is assumed. The temperature of the system is held 
at the congruent melting point of GaAs (1509.42 K). 

The technological model presumes that 

• the phases in the system (GaAs, B 2 0 3 , BN, gas) participate at the adjustment 
of the equilibrium with their entire volumes; 

• the boron oxide coverage avoids a direct transition of elemental arsenic gas 
bubbles from the GaAs melt to the gas phase; 

• the graphite heater does not influence the thermodynamics of the system; 

• the pressure of the protective N 2 gas varies between 2 and 80 bar. 

1.4.1 

Components and Species in the System 

The system contains the components Ga, As, B, C, O, H, Ar or N. The species 
considered in the calculations are summarized in Table 1.4. 

The gas phase is considered as an ideal mixture of components and species. The 
liquid phases are regarded as sub-regular solutions according to the above men¬ 
tioned Redlich-Kister-Muggianu model [14] with interaction coefficients between 
the main components and impurities and between the impurities. The interaction 
coefficients were deduced and/or approximated by adjusted thermodynamically 
relevant experimental data like phase diagrams. Details are given in [21]. An ideal 
behavior of dissolved impurities/dopants like C, N, B, O, etc., in solid GaAs is 
assumed as a first approximation (see below). 
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Table 1.4 Species and phases in the Ga, As, B, C, O, H, Ar or N system. 


Stoichiometric phase 

BN 

Solid solution phase 

GaAs(s) containing C, O, B, N and H 

Liquid solution phase 

GaAs(l) containing C, O, B, N and H as mixed phase with variable 
As/Ga-ratio 

Liquid solution phase 

B 2 0 3 (1) containing As 2 0 3 , As 2 0 5 , Ga 2 0, GaO, Ga 2 0 3 , CO, C0 2 , HB0 2 

Gas phase 

N 2 , H 2 , Ga 2 0, H 2 0, BH0 2 , GaOH, AsH, Ga, CO, AsN, B 2 0 3 und 
GaH (ranked according to the partial pressure with a cut-off 
pressure of 1 x 1CT 15 bar) 


Graphite in the system requires separate consideration. If graphite is present 
the carbon activity under thermodynamic equilibrium conditions will be a c = 1 
because a Boudouard-type and other reactions are possible at the graphite heater. 
This would result in the saturation concentration of carbon in all phases of the 
system. However, GaAs single crystals grown in a graphite-containing system 
exhibit variable concentrations of carbon. Therefore, it is assumed that the local 
separation of the graphite heater and the GaAs melt and the low transport rate of 
carbon-containing species in liquid boron oxide are the reason for this discrepancy. 
As a consequence, graphite has to be excluded from the system in the case of 
thermodynamic equilibrium calculations of carbon incorporation. 

1.4.2 

Results 

As pointed out by Oates and Wenzl [22] the results of the calculations can be best 
visualized as so-called predominance area diagrams as mainly redox equilibria are 
of importance. In the predominance area diagram the stability region of the GaAs 
melt is represented in the presence of the boron oxide encapsulant at the GaAs 
melting temperature of 1509.42 K in a plot of log(a c ) over log (p 02) with a c and p 02 
being the activity of carbon and the oxygen partial pressure, respectively (Figure 
1.11). On the right-hand side of the diagram the scale of carbon concentration in 
the melt is given using the known activity coefficient of carbon in GaAs melt. The 
stability region of GaAs melt/liquid boron oxide that is essential for crystal growth 
is bounded by the dissociation of boron oxide at lower and the oxidation of Ga in 
the GaAs melt at higher oxygen chemical potentials. The upper boundary of the 
stability region is given by the solubility limit of carbon in liquid GaAs (a c = 1). If 
the chemical potentials of the control species carbon and oxygen in this stability 
region are fixed, no degrees of freedom will be left in the system. 

The chemical potentials of carbon and oxygen can be controlled by the partial 
pressures of CO and N 2 Nitrogen reacts with the boron oxide encapsulant forming 
solid boron nitride and oxygen [23]. Taking into account the possible N 2 pressure 
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Figure 1.11 Predominance area diagram for LEC growth assuming oxygen control by nitrogen 
reaction with boron oxide. 


in the growth equipment only a part of the stability region of GaAs(l)/B 2 03 (l) can 
be used for crystal growth. This working area under the assumption that the N 2 
pressure varies between 2 and 80 bar is marked. The dotted line in Figure 1.11 
indicates a constant CO partial pressure. It is obvious that it is not sufficient to 
keep the CO partial pressure constant to define the carbon content in the GaAs 
melt. The oxygen chemical potential must be kept constant, too. This sometimes 
has been ignored in the past. 

A distribution coefficient k c = 2 is used for the estimation of the carbon concen¬ 
tration in solid GaAs from the calculated C content in the melt. Likewise, the 
concentrations of B, O, N, H in solid GaAs are calculated by means of the corre¬ 
sponding distribution coefficients. 

The data points in Figure 1.11 indicate experimental results observed in VGF 
growth at different CO partial pressures and constant oxygen potentials. They were 
obtained from measurements of carbon concentration in GaAs single crystals 
using the above distribution coefficient. 
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Table 1.5 Species of the SUBS model of solid GaAs. 


Ga-sublattice 

As-sublattice 

3rd sublattice 

4th sublattice 

Ga_l 

As_2 

As_3 

Va_4<0> 

As_l<0> 

O_2<0> 

Va_3<0> 

e 

As_l<+> 

0_2<—> 


h 

Va_l<0> 

0_2<+> 



Va_l<3—> 

C_2<-> 



Si_l<+> 




Zn_l<-> 




B_1 





Based on the results of the thermodynamic analysis a more sophisticated model 
has been developed by Eichler et al. [24] taking into account transport in the fluid 
phases. 

1.4.3 

Extended Model 

For a more realistic description of solid GaAs a sublattice model (SUBS) has been 
developed [27] and included into ChemSage. It is based on the SCPBE model 
(species chemical potential-bond energy model) introduced by [25, 26] and avoids 
the assumption of a stoichiometric solid GaAs. 

The SUBS model of crystalline GaAs consists of 4 sublattices: the Ga and As 
sublattice and a sublattice of interstitial atoms and one occupied by electrons and 
holes. In the nomenclature of ChemSage the Ga sublattice contains: Ga_l, 
As_l<0>, As_l<+>, Va_l<0>, Va_l<3->, Si_l<+>, Zn_l<-> and B_l, that is, 
arsenic antisites, Ga vacancies, Si, Zn and B atoms. They can exist in different 
charge states that are given in angle brackets. The constituents of the other sublat¬ 
tices are summarized in Table 1.5. Vacancies in the As sublattice are not consid¬ 
ered. The interstitial sublattice contains arsenic and vacancies, only. In agreement 
with the crystallographic structure of GaAs, the Ga and the As sublattice have the 
same number of lattice sites. The defects considered in the model reflect current 
knowledge, but other defects can be included too, if necessary. 

The positions of the localized states in the bandgap are displayed in Table 
1.6 defining the midgap energy as the reference energy. E g is the temperature- 
dependent energy gap. The negative U behavior of oxygen in the arsenic sublat¬ 
tice could not be considered in the model. Instead, it has been described by two 
neighboring levels resulting in the known effective level at E c - 0.36 eV. A Fermi- 
level effect has not been considered. 

The minimization of the Gibbs free energy for the calculation of the equilib¬ 
rium concentrations of the species has been carried out under the conditions that 
the number of sublattice sites is constant and charge neutrality is fulfilled. The 
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Table 1.6 Localized states (relating to the middle of the bandgap E g ). 


Defect 

Level in the 
bandgap J/mol 

Level in the 
bandgap eV 

As_l<+/0> 

4000 

0.041 

C_2<—/0> 

-EJ2 

-E g /2 

O_2<+/0> 

34000 

0.35 

O_2<0/—> 

35 000 

0.36 

Va_l<0/3—> 

-60000 

-0.62 

Zn_l<0/—> 

-Eg/2 

-Eg/2 

Si_l<+/0> 

+ EJ2 

+ E g /2 


chemical potentials of the sublattice species have been calculated using the SCPBE 
model that supplies expressions for mixing enthalpies (interaction between the 
defect and the Ga and As atom, respectively) and mixing entropy. Standard species 
chemical potentials for charged species are derived from standard species chemi¬ 
cal potentials for neutral species and the defect levels in reference to midgap. For 
the threefold-occupied vacancy in the Ga sublattice it is written for example, 
Aiva_i< 3 -> = /tva_i<o> + E < 0/3 - > with E< 0/3—> being the electronic transition level 
given in Table 1.6. The interactions between the defects in different charge states 
were not considered. As there shall be modeled the influence of carbon doping on 
resistivity of semi-insulating GaAs, the positions of the shallow defects are set to 
+/- £ g /2 without substantial error. Further details can be found in [27]. 

To account for the decreasing mobility of lattice species with decreasing tem¬ 
perature a freezing temperature is introduced. An adjustment of thermodynamic 
equilibrium is possible up to this freezing temperature, only. Below this tempera¬ 
ture lattice defects are frozen, that is, the sum over the different charge states of 
a single defect is constant. But charge reloading is possible. The freezing tempera¬ 
ture is dependent on the cooling conditions of solid GaAs. 

This model has been used for the calculation of the homogeneity range of solid 
GaAs (without impurities). The result is shown in Figure 1.12. The thermody¬ 
namic data of the As antisite have been adjusted so that its concentration is roughly 
in agreement with the measured EL2 concentration in solid GaAs at room tem¬ 
perature. A constant pressure of 1 bar has been assumed. 

For the native defects included in the model (Table 1.5) the calculated homoge¬ 
neity range is bounded by the stoichiometric composition at lower temperatures 
and is extended to the arsenic-rich side. A retrograde solidus is observed. It 
describes the experimental result that arsenic precipitates can be formed during 
cooling to room temperature, depending on the starting composition of the melt 
and the resulting solid GaAs. The maximum solid solubility is found to be about 
1180°C, the corresponding As concentration of off-stoichiometric GaAs remains 
unsure because an experimental verification is not yet possible due to the insuf¬ 
ficient accuracy of available analytical methods. 
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[C], [C_2<->] / cm 

Figure 1.13 Room-temperature electrical resistivity of GaAs in dependence on C concentra¬ 
tion for different freezing temperatures. 


It should be mentioned that a slightly larger homogeneity range and a lower 
temperature of maximum solubility is obtained if the assumption p = 1 bar is 
replaced by the actual As pressure at the three-phase equilibrium GaAs (s)-GaAs(1)- 
As vapor. 

In a second example of the application of the SUBS model the electrical resis¬ 
tivity of GaAs at room temperature is calculated in dependence on carbon doping 
(Figure 1.13). For this purpose, the calculated carrier concentrations at room 
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temperature and their known mobilities are used. A constant As_l<+/0> (EL2)- 
concentration and an effective shallow donor concentration (N ESD - N x Sa ) ~ 10 14 cm -3 
are assumed. The freezing temperature varies between 800 °C and 1010 °C. Experi¬ 
mental results are included into the graph for comparison. 

The electrical resistivity increases linearly with the carbon concentration at 
[C] > 2 x 10 14 cm~ 3 . In this region the above-given condition for semi-insulating 
behavior is met. The Fermi level is pinned at the deep As_l<+/0> (EL2) donor. At 
about C_2<-/0> = [C] = 1 x 10 14 cm~ 3 resistivity drops to a level of about 5 x 10 3 £2cm. 
In this medium-resistivity region the carbon donor is compensated by the medium- 
deep oxygen donor, that is, the Fermi level is pinned at the effective level of oxygen. 
The EL2 concentration does not influence the electrical behavior. 

As can be seen in Figure 1.13 resistivity is highly influenced by the freezing 
temperature. It decreases with decreasing freezing temperature. This is mainly 
caused by the decrease of the As_l<+/0> (EL2) concentration due to a transition 
of arsenic into the interstitial sublattice As_3. Furthermore, the calculations show 
an increase of the Ga vacancy concentration Va_l<0/3-> with increasing freezing 
temperature. 

The Fermi-level effect on the thermodynamic data of defects in GaAs and its 
influence on the electrical behavior has been thoroughly studied in [28]. 

The Chemsage software package with the implementation of the SUBS model is 
a suitable tool for a chemical control of the GaAs crystal-growth process and for 
the understanding of the defect inventory of crystals and their physical properties. 


1.5 

Summary and Conclusions 

Concept development and application of thermodynamic models comprise the 

following: 

• definition of project and determination of the relevant components of the 
chemical system; 

• selection of an appropriate thermodynamic software package; 

• formulation of a thermodynamic-technological model, that is, description of 
phases and species to be included in the system and extraction of the required 
data from databases; 

• test calculations with the option to modify the initial data and the boundary 
conditions of the model; 

• calculation of the Gibbs free energies of separate phases, species and 
constituents; 

• calculation of the Gibbs free energies for selected reactions; 

• calculation of the multi-component system by minimization of the Gibbs free 
energy of the entire system; 
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• linking of the thermodynamic model with models describing reaction kinetics, 
mass and heat transport, etc.; 

• verification and adjustment of the model; 

• The modeling effort and the degree of approximation to reality will increase 
with the above steps; 

• The applied ChemSage software package and the considered examples should 
demonstrate the possibilities and limitations of thermodynamic modeling of 
crystallization and crystal-growth processes. 

In detail, there have been considered: 

• the production of metallurgical silicon; 

• reactions important for the silicon EFG process; 

• carbon doping during GaAs single-crystal growth. 

The results show that there are available thermodynamic software packages. 

However, comprehensive modeling of all aspects of crystal growth is still a vision. 


Acknowledgments 

The authors would like to thank P. Rudolph and U. Wunderwald for helpful dis¬ 
cussions and critical reading of the manuscript. In addition, special thanks are 
expressed to A. Seidl, B. Weinert, and J. Friedrich. Eberhard Buhrig: I dedicate 
the part of the work formulated by me to my wife Renate - /. 

This work has been partly financed by BMBF 01-BM 631/2 and Freiberger 
Compound Materials GmbH. 

References 

1 Rosenberger, F. (1979) Fundamentals of 
Crystal Growth I, Springer, Berlin/ 

Fleidelberg/New York. 

2 Wilke, K.-T. (1988) Kristallziichtung (ed. 

J. Bohm), VEB Deutscher Verlag der 
Wissen-schaft, Berlin. 

3 Muller, G., and Friedrich, J. (2004) 

J. Cryst. Growth, 266, 1-19. 

4 Hurle, D.T.J. (1999) A comprehensive 
thermodynamic analysis of native 
point defect and dopant solubilities in 
Gallium Arsenide. ]. Appl. Phys., 85 (10), 

6957-7023. 

5 Jacobs, K. (2008) Crystal Growth 
Technology (eds H.J. Scheel and P. 

Capper), Wiley-VCH Verlag GmbH, 

Weinheim. 


6 Bohm, J. (1995) Realstruktur von 
Kristallen, E. Schweitzerbart'sche 
Verlagsbuchhandlung, Stuttgart. 

7 Hein, K., and Buhrig, E. (1983) 
Kristallization aus Schmelzen, 

VEB Deutscher Verlag fiir 
Grundstoffindustrie, Leipzig. 

8 Roewer, G., and Buhrig, E. (2007) 50 
Jahre Halbleitermaterialien in der 
Region Freiberg, ZS fiir Freunde und 
Forderer der technischen Universitat 
Freiberg. 

9 Kuchar, L., and Drapala, J. (2008) 
Metallurgy of Pure Metals, Cambridge 
International Science Publishing. 

10 Eriksson, G., and Hack, K. (1990) 

ChemSage-a computer program for the 


24 


1 Thermodynamic Modeling of Crystal-Growth Processes 


calculation of complex chemical 
equilibria. Metall. Trans. B, 21B, 
1013-1023. 

11 Hack, K. (1996) The SGTE Casebook, 
Materials Modelling Series, The Institute 
of Materials. ISBN: 0 901716 74X. 

12 Thermo www.thermocalc.com (accessed 
07-130N-2010). 

13 HSC www.hsc-chemistry.net (accessed 
07-130N-2010). 

14 Redlich, O., and Kister, A.T. (1948) Ind. 
Eng. Chem., 40, 345. Muggianu, Y.M., 
Gambino, M., and Bros, J.P. (1975) 

J. Chem. Phys., TL, 83. 

15 Koukkari, P., Pajarre, R., and Hack, K. 
(2007) Int. J. Mater. Res., 98, 926-934. 

16 GTT http://gttserv.lth.rwth-aachen. 
de/~cg/ (accessed 07-130N-2010). 

17 Petersen, S., and Hack, K. (2007) Int. J. 
Mater. Res., 98, 935-945. 

18 Rudolph, P. (1982) Profilzuchtung von 
Einkristallen, Akademie-Verlag, Berlin. 

19 Rudolph, P., and Jurisch, M. (1999) 

]. Cryst. Growth, 198/199, 325-335. 

20 Wirbeleit, F. (1998) The atomic structure 
of point defects in semiconductors by 
improved EPR/ENDOR data analysis. 


PhD thesis, Technical University Mining 
Academy, Freiberg. 

21 Korb, J., Flade, T., Jurisch, M., Kohler, 

A., Reinhold, T., and Weinert, B. (1999) 

]. Cryst. Growth, 198/19, 343-348. 

22 Oates, W.A., and Wenzl, H. (1998) 

J. Cryst. Growth, 191, 303-312. 

23 Emori, H., Terashima, K., Orito, F., 
Kikuta, T., and Fukuda, T. (1984) 
Semi-Insulating III—V Materials, 
Kahnee-ta (eds D.C. Look and J.S. 
Blakemore), Shiva, Nantwich, p. 111. 

24 Eichler, S., Seidl, A., Borner, F., Kretzer, 
U., and Weinert, B. (2003) J. Cryst. 
Growth, 247, 69-76. 

25 Oates, W.A., and Wenzl, H. (1992) 
CALPHAD, 16, 73. 

26 Oates, W.A., and Wenzl, H. (1993) 
CALPHAD, 17, 35. 

27 Oates, W.A., Eriksson, G., and Wenzl, H. 
(1995) Thermodynamic modelling of 
solid gallium arsenide. J. Alloy. Compd., 
220, 48-52. 

28 Kretzer, U. (2007) Punktdefekte 
und elektrische Kompensation in 
Galliumarsenid-Einkristallen, PhD 
thesis, Technische Universitat Chemnitz. 


25 


2 

Modeling of Vapor-Phase Growth of SiC and AIN Bulk Crystals 

Roman A. Talalaev, Alexander S. Segal, Eugene V. Yakovlev, and Audrey N. Vorob’ev 


2.1 

Introduction 

Due to the unique physical properties, silicon carbide (SiC) and aluminum nitride 
(AIN) are now considered as most promising materials to produce high-power 
high-frequency electronic devices and short-wavelength optoelectronic devices 
with superior characteristics. Wide-band-gap, high breakdown field, and high heat 
conductivity provide benefits of SiC for the production of high-voltage Schottky 
diodes and high electron mobility transistors (HEMTs) with extremely fast switch¬ 
ing and temperature-independent behavior. The superiority of AIN is largely 
related to its still wider band-gap, transparency in the UV range, and small mis¬ 
matches of thermal expansion coefficients and lattice constants with respect to 
gallium nitride (GaN). These properties make AIN most prospective material for 
ultraviolet (UV) optoelectronic applications, including UV LEDs, UV active units 
of “white” LEDs, and so forth. 

Despite the obvious benefits, mass production of the SiC- and AlN-based devices 
is still hindered by the lack of suitable high-quality substrates. Conventional 
silicon, sapphire, and gallium arsenide substrates exhibit quite large mismatches 
of physical properties with respect to SiC and AIN, which results in excessive defect 
generation in the overlying device heterostructures and eventually limits the device 
lifetime and performance. The best substrates for the SiC- and AlN-based epitaxial 
layers should be made from the same materials. 

Currently, SiC and AIN substrates are produced by post-growth processing of 
the bulk single crystals grown with physical vapor transport (PVT) technology. As 
applied to SiC, PVT technology now allows production of up to 4-inch diameter 
micropipe-free substrates with a low dislocation density (see, for example, [1] for 
details). AIN substrates made using PVT are only now moving into commercial 
production. 2-inch diameter AIN substrates with about 40 mm diameter single¬ 
crystal core and 5 mm thick polycrystalline periphery were demonstrated in Ref. 
[2]. Totally single-crystal high-quality 1-inch diameter AIN substrates were pre¬ 
sented in Ref. [3). 
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Despite the impressive progress, PVT growth of SiC and AIN bulk crystals still 
remains a poorly controllable and expensive technology. As the bulk crystals are 
grown in PVT in tightly closed crucibles, there are few technological parameters 
to control the process. Besides, due to a very high growth temperature (2200- 
2400 °C), many component parts of the growth systems degrade during one run, 
which results in low stability of the growth conditions and the need to replace 
them after each run. Because of these negative features, alternative approaches to 
the production of SiC and AIN substrates have lately attracted much interest. 
Among these approaches, high-temperature chemical vapor deposition (HTCVD) 
of SiC and hydride vapor phase epitaxy (HVPE) of AIN are now considered as most 
promising technologies. 

HVPE was initially developed to grow GaN epitaxial layers (see, for example, 
Ref. [4]). Further progress of the technology (Ref. [5]) showed that it was capable 
of producing high-quality GaN thick quasi-bulk epitaxial layers on the commer¬ 
cially available sapphire or SiC substrates. Typically, GaN HVPE provides the 
crystal growth rates of 50-100pm/h, however, due to the high reproducibility and 
controllability of the technology, the growth rate can be controllably increased up 
to -1000pm/h (www.tdii.com, Ref. [6]). Such high growth rates in combination 
with the well-known effect of reducing the dislocation density with the crystal layer 
thickness makes GaN HVPE a very attractive technology to grow long GaN boules. 
Many efforts have lately been made to develop such technology. Probably, the most 
recent achievement in this area was exhibited in Ref. [7], where 52-mm diameter 
and 5.8-mm thick GaN single-crystal boules with the dislocation density of 
1.2 x 10 6 -5.1 x 10 6 cm~ 2 were grown with HVPE. 

Considerable progress in growth of GaN epitaxial layers and bulk single crystals 
with HVPE has initiated the extension of this technology to AIN. Besides, compat¬ 
ibility of AIN HVPE with GaN HVPE gives rise to growth of AlGaN alloy within 
a single technological process. Normally, AIN HVPE provides growth rates of 
several tens of micrometers per hour (for example, 57 pm/h in Ref. [8], 60-85 pm/h 
in Ref. [9]). Probably, the highest AIN growth rate of 122pm/h was reported in 
Ref. [10], though the authors note that the crystal quality deteriorates at such high 
growth rates. Currently, HVPE is largely used to produce so-called AIN templates, 
that is AIN epitaxial layers with the characteristic thickness of 1-83 pm grown on 
commercial sapphire or SiC substrates (see Refs. [9, 11]). Simultaneously, the 
technology is successfully used to grow quasi-bulk epitaxial layers with a thickness 
of up to 1mm to produce free-standing AIN wafers (Ref. [8]), which suggests that 
HVPE has a good potential for growth of AIN bulk single crystals. Note that there 
are few papers on HVPE of AlGaN alloy and they all report on growth of rather 
thin epitaxial layers. So, HVPE growth of 0.1-2-pm thick AlGaN epitaxial layers 
reported in Ref. [12]. Much thicker AlGaN epitaxial layers (1.3-35 pm) were grown 
at a rate of around 30pm/h in Ref. [13]. Anyway, HVPE is not used currently to 
grow AlGaN bulk crystals. 

HTCVD is considered as a very promising technique to grow bulk SiC. It allows 
such advantages as a better control of species transport resulting in an optimal 
silicon-to-carbon ratio near the wafer; the use of high-purity gas sources providing 
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minimal doping level; reducing strain and dislocation level through the optimiza¬ 
tion of temperature gradient near the wafer, and so on. 

The successful application of SiC HTCVD and AIN HVPE to growth of 
bulk single crystals depends on a number of factors and, to analyze them as 
taken together, modeling analysis and optimization of the processes are strongly 
desirable. 

To date, theoretical analysis of AIN and AlN/AlGaN HVPE is far behind the 
practical needs and there are only few papers in this area. Let us note, first, Ref. 
[14] where an original kinetic model of gas-phase and surface chemistry is coupled 
with two-dimensional model of transport processes to give a rather detailed 
description of AIN HVPE in a hot-wall axisymmetrical vertical reactor. Here, 
poorly known gas-phase and surface kinetics in the A1C1 3 -NH 3 system is largely 
analyzed relying on the analogy with the much better studied BC1 3 -NH 3 system. 
However, due to the lack of information on the kinetic mechanisms and param¬ 
eters, the authors fit a number of reaction rate constants to provide good agree¬ 
ment of their own computed and experimental data, which reduces the reliability 
of their results. Besides, the model is not directly extended to the description of 
AlGaN HVPE. 

Quite another approach to theoretical analysis of AIN and AlGaN HVPE was 
suggested in Refs [15, 16]. Here, the authors omit a detailed description of kinetic 
mechanisms and transport processes but use some “integral” thermodynamic 
consideration. Within this approach, they consider the initial vapor composition 
and some “final” vapor composition that is assumed to be in equilibrium with the 
deposited AIN or AlGaN. Such an approach proved rather productive and allowed 
qualitative conclusions and even some quantitative estimates on the crystal growth 
rate and alloy composition to be made. In particular, it describes the experimental 
fact of dominant A1 incorporation into AlGaN alloy by a small addition of H 2 to 
the N 2 carrier gas. 

The approach to modeling of SiC HTCVD and AIN, GaN, and AlGaN HVPE 
that combines the advantages of the reduced thermodynamic consideration and 
detailed description of transport processes was suggested in [17-19]. Within this 
approach, surface kinetics at the reactive interfaces is described within a so- 
called quasi-thermodynamic model that is rather close to the model developed 
in [15, 16] but is embodied as local boundary conditions for the species transport 
equations. 

As applied to HVPE, the quasi-thermodynamic approach was initially devel¬ 
oped for GaN in Ref [18] and then extended to AIN and AlGaN in Ref. [19]. In Ref. 
[18], the model of GaN HVPE was reliably validated using a wide range of experi¬ 
mental data and then is applied to detailed three-dimensional modeling and 
optimization of the process in a hot-wall horizontal reactor. In Ref. [19], the major 
focus was made on the difference in mechanisms of AIN and GaN HVPE and on 
related regularities of the A1 and Ga incorporation into AlGaN alloy. It was found 
that AIN grows under essentially nonequilibrium conditions while GaN grows 
under near-equilibrium conditions. The effect is related, in particular, to the domi¬ 
nant growth of AIN and GaN from aluminum trichloride (A1C1 3 ) and gallium 
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monochloride (GaCl), respectively. Relative contents of different group-III chlo¬ 
rides in the vapor are important to understand these effects, and an additional 
benefit of the quasi-thermodynamic approach as applied to HVPE is that it pro¬ 
vides a detailed description of HC1 conversion into different group-III chlorides 
in the metal sources. 

Gas-phase chemistry is one of the essential aspects that should be accounted for 
in a model of SiC CVD and HTCVD processes. Normally, silane (SiH 4 ) and 
propane (C 3 H 8 ) are used as precursors highly diluted by hydrogen carrier gas. The 
temperature strongly influences the pathways of thermal decomposition of these 
precursors, producing different gaseous products involved in SiC growth. There 
is a large body of information on SiH 4 and C 3 H 8 chemical transformation in the 
literature [20-22]. The most detailed data on the gas-phase reaction rates are col¬ 
lected in Ref. [21]. In this paper, pyrolysis of the reactants is simulated by 83 
elementary reactions and by about 30 decomposition products. It should be noted 
that most of the species have very low concentrations and do not influence Si 
and C atom transport to the growing surface. As for the bulk HTCVD of SiC, the 
following species can be selected: C 2 H 4 , C 2 H 2 , SiH, Si, Si 2 C, and SiC 2 . Their con¬ 
tribution to the SiC growth is most essential. 

To achieve high growth rates, significant flow rates of the precursors should be 
used. In this case, silicon vapor is supersaturated and, hence, its spontaneous 
condensation is possible under certain operating conditions. The gas-phase nucle- 
ation depends on the silane flow rate and results in losses of silicon and in a 
considerable decrease in the growth rate. Besides, the gas-to-particle conversion 
of silicon influences the Si/C ratio and, consequently, affects the properties of the 
growing SiC epilayer. Normally, growth conditions should be chosen in such a 
way as to avoid the silicon condensation. 

In this chapter, we discuss the approach to modeling of SiC HTCVD and AIN, 
GaN, and AlGaN HVPE and present the latest results in this area. Concerning 
HVPE, the major focus is made on the concentrations of different group-III chlo¬ 
rides in the vapor, analysis of the rate-limiting species, and the related differences 
in the mechanisms of AIN and GaN growth. With respect to SiC HTCVD, the 
possibility to minimize material losses due to parasitic deposition and formation 
of particles in the gas phase is discussed. Special attention is given to the growth 
of bulk SiC and AIN crystals with high rates. 


2.2 

Model Description 

As discussed above, the GaN growth rate as well as the AlGaN layer composition 
are largely controlled by the surface chemical mechanisms. On the other hand, 
gas-phase chemical reactions, giving rise eventually to the production of Si-con- 
taining particles, are essential during SiC CVD. Thus, the surface chemistry model 
is discussed with reference to AIN and AlGaN HVPE, whereas the approach to the 
modeling of particle generation is described for the SiC CVD process. 
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2 . 2.1 

Quasi-Thermodynamic Model of AIN and AIGaN HVPE 

A comprehensive description of heat transfer, multicomponent species diffusion, 
and gas-flow dynamics is provided by solving the full set of conventional heat 
conduction, radiation transfer, diffusion, and Navier-Stokes equations. A specific 
feature of the developed approach is given by the quasi-thermodynamic model of 
surface kinetics. Within this model, the interface species fluxes at all the reactive 
interfaces are described by the extended Hertz-Knudsen equations 

j^a,MPr-pn (2-i) 

where a, are the sticking probabilities, pi = (Ijr/UiRT) 112 are the Hertz-Knudsen 
factors, n, are the molar masses, R is the gas constant, T is the temperature, P" 
are the partial pressures at the interface, P f e are the quasi-equilibrium pressures 
representing multicomponent analogs of a one-component saturated vapor pres¬ 
sure, and subscript i stands for all the gaseous species. 

Quasi-equilibrium pressures P f e satisfy the mass-action low equations for the 
surface reactions. The interface species fluxes J ; satisfy stoichiometric relation¬ 
ships indicating the fact that chemical elements are incorporated into the crystal 
proportional to their total interface fluxes. Eventually, the quasi-thermodynamic 
model of surface kinetics is implemented as complex boundary conditions for the 
species transport equations and thus is incorporated into the general description 
of transport processes. 

As applied to AIN, GaN, and AIGaN HVPE, the quasi-thermodynamic model is 
first applied to the description HC1 conversion into metal chlorides in the metal 
sources. Here, the model does not assume a priori that HC1 reacts with the metals 
to produce either mono- or trichlorides but allows three reactions of the metal 


chlorides formation to proceed in parallel 

HC1 + Me(s/1) —» MeCl + (1/2)H 2 (2.2) 

2HC1 + Me(s/1) —> MeCl 2 + H 2 (2.3) 

3HC1 + Me(s/1) —» MeCl 3 + (3/2)H 2 (2.4) 

where, Me is either solid A1 or liquid Ga. Correspondingly, AIN and GaN may 
grow from all the metal chlorides and ammonia, following the reactions 

MeCl + NH 3 —> MeN(s) + HC1 + H 2 (2.5) 

MeCl 2 + NH 3 MeN(s) + 2HC1 + (1/2)H 2 (2.6) 

MeCl 3 + NH 3 —* MeN(s) + 3HC1 (2.7) 


Let us make some remarks on the quasi-thermodynamic model of AIN, GaN, and 
AIGaN HVPE. 

1) Surface kinetic limitations in GaN HVPE are known to begin at a growth 
temperature of 900-950°C or somewhat lower [6]. Similar literature data for 
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AIN HVPE are rather limited and contradictory (see, for example, Refs. [10, 
23]). The transition temperature between the transport-limited and kinetically 
limited growth conditions varies in the range of 950-1100°C and higher, 
though all the papers note a minor decrease of the growth rate due to the 
surface kinetic limitations (normally, an order of magnitude in the temperature 
range of 200-400 °C). Simultaneously, there is a trend to perform the growth 
under the transport-limited conditions via raising the growth temperature (in 
Ref. [9], for example, the growth temperature is above 1200°C). In this 
situation, we neglect the kinetic limitations at the crystal surfaces and assume 
all the species sticking probabilities, except for N 2 , to be unity. 

2) Generally, if A1C1 3 and NH 3 meet each other at an insufficiently high 
temperature, adducts of AlCl 3 -nNH 3 type may appear due to gas-phase 
reactions to produce small suspended particles. In elaborated processes, 
however, the effects of gas-phase chemistry are minimized and normally do 
not manifest themselves, for which reason they are not considered in our 
model. 

3) Literature data on the NH 3 decomposition on the AIN and GaN surfaces are 
also rather limited and contradictory. Earlier, we showed that the best 
agreement of the computed and experimental data in modeling of GaN HVPE 
is achieved under the assumption of negligible NH 3 decomposition (Ref. [18]). 
Test computations have shown that this assumption can be extended to AIN 
HVPE. Within the quasi-thermodynamic model, this corresponds to a near¬ 
zero N 2 sticking probability, in which case N 2 does not participate in the 
surface chemistry but serves as an inert carrier gas. 

2 . 2.2 

Modeling of Gas-Phase Nucleation in SiC CVD and HTCVD 

A key feature of the processes considered is homogeneous nucleation of silicon. 
Estimations show that under the operating conditions for SiC CVD reactor, the 
drop size is a few orders of magnitude less than the mean free path of molecules 
in the vapor. Therefore, clusters can be considered as a pseudo-gas of heavy par¬ 
ticles with a size-independent growth rate. Since the gas flow is slow, a steady-state 
size distribution of nuclei becomes achievable. The approach suggested in [17] is 
then suited to simulate the gas-phase condensation of silicon with equations for 
the first three moments of the size-distribution function 

V ■ (V C D„) = r"I + nrQ B _i; n = 0,1,2 (2.8) 

where V c is the transport velocity of the particle pseudo-gas, r* is the critical nucleus 
radius, I is the formation rate of critical-sized nuclei, r is the rate of mass exchange 
between the clusters and the gas phase defined by the Hertz-Knudsen equation. 
The nucleation rate (I) is given by the Becker-Doring theory, r* is the critical 
nucleus radius. 

Transport of clusters is described by their continuity equation 
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V-(p s C iV c ) = W c (2.9) 

where 

W c = ^7rpl(r?I + Ml 2 ) ( 2 . 10 ) 

The expression (2.10) is introduced into the gaseous Si transport equation to 
provide the consumption/generation of silicon due to homogeneous nucleation/ 
evaporation of clusters where ps; is the liquid phase density. 


2.3 

Results and Discussions 


2.3.1 

GaN, AIN, and AIGaN HVPE 

The developed model of AIN and GaN HVPE was validated using the available 
literature experimental data on the crystal growth rate as a function of different 
technological parameters (Refs [18, 19]). Some results of this validation are pre¬ 
sented in Figure 2.1. 

Figure 2.1a shows the computed AIN growth rate vs. NH 3 flow rate in compari¬ 
son with the data of Ref. [23] (here, the growth temperature is 1200°C, the total 
pressure is lOhPa, the AlCfl flow rate is 1.33 seem, and the carrier N 2 and H 2 flow 


(a) 



Figure 2.1 (a) computed AIN growth rate at 

the substrate center (solid line) and averaged 
over the substrate surface (dash line) vs. 

NH 3 flow rate in comparison with the 
experimental data of Ref. [23]; (b) GaN 


(b) 



growth rate vs. NH 3 flow rate at two HCI flow 
rates-comparison of the computed (solid 
and dash lines) and experimental (squares 
and triangles) data (Ref. [18]). 
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rates are 100seem each). The computed dependence is presented by two lines 
corresponding to the AIN growth rate at the substrate center (solid line) and to 
that averaged over all the substrate surface (dash line). The two lines are seen to 
restrict an area that contains the experimental points. The difference between the 
two lines is attributed to some center-to-edge increase of the AIN growth rate due 
to some thinning of the diffusion boundary layer near the edge. Anyway, both the 
computed and experimental data exhibit a sharp common boundary between the 
linear and saturated regions corresponding to the NH 3 - and AlCl 3 -limited growth 
conditions. It is essential that a similar dependence of the GaN growth rate on the 
NH 3 flow rate exhibits no such sharp boundary between the two regimes, which 
is clearly seen from Figure 2.1b (here, the growth temperature is 1050°C, the total 
pressure is atmospheric, the carrier H 2 flow rate is 1500 seem, the carrier N 2 flow 
rate is 1550seem or 1650seem, and the HC1 flow rate through the Ga metal source 
is 3 or 6seem, see the experimental data of [18]). 

The quasi-thermodynamic model allows making clear the treatment of the dif¬ 
ference in the dependencies of the AIN and GaN growth rates on the NH 3 flow 
rate. This treatment is based on two facts. 

First, HC1 dominantly converts into aluminum trichloride (A1C1 3 ) in the A1 metal 
source, following reaction (2.4), but into gallium monochloride (GaCl) in the Ga 
metal source, following reaction (2.2). Figure 2.2 shows computed 2D distributions 
of the A1C1 (a) and A1C1 3 (b) molar fractions in the system for AlGaN HVPE 
described in [13]. It is seen that A1C1 3 dominants over A1C1 by a factor of ~20 at 
the A1 source temperature of 550°C, and this factor sharply increases at a lower 
temperature. Simultaneously, GaCl dominates over GaCl 3 by several orders of 
magnitude in a wide range of the Ga source temperature (see, for example, [18]). 
Thus, AIN dominantly grows from A1C1 3 and NH 3 , following reaction (2.7), while 
GaN-from GaCl and NH 3 , following reaction (2.5). Then, AIN growth following 
reaction (2.7) occurs under essentially nonequilibrium conditions, while GaN 
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Figure 2.2 Distribution of the AiCI (a) and AiCI 3 (b) molar fractions in the system for AlGaN 
HVPE presented in Ref. [13]. 
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growth following reaction (2.5) occurs under near-equilibrium conditions. Within 
the quasi-thermodynamic model, this corresponds to the fact that, due to the 
particular thermodynamic properties of the species involved in reactions (2.7) and 
(2.5) for AIN and GaN, respectively, the equilibrium constant K R6 for reaction (2.7) 
proves negligibly small while the equilibrium constant K R4 for reaction (2.5) is 
close to unity. 

The smallness of the equilibrium constant fC R6 results in the fact that the mass- 
action law equation for reaction (2.7) for AIN can be approximately written as 
Paicb-Pnh 3 ~ 0, so that either the A1C1 3 or NH 3 quasi-equilibrium pressure proves 
close to zero. Which of the two quasi-equilibrium pressures is close to zero 
depends on which of the two species is deficient at the reactor inlet. In such a situ¬ 
ation, the AIN growth rate linearly depends on the flow rate of the deficient species 
(NH 3 at the linear region and A1C1 3 at the saturated region of the plots in Figure 
2.1a) but is insensitive to those of the other species. On the contrary, the GaN 
growth rate proves sensitive to the flow rates of all the species involved in reaction 
(2.5) for GaN. 

The revealed difference in growth of AIN and GaN enables clear treatments to 
be given to many experimental regularities of AIN, GaN, and AlGaN HVPE. For 
example, it simply explains the experimental fact of dominant A1 incorporation 
into AlGaN alloy on small addition of H 2 in N 2 carrier gas. Figure 2.3 displays the 
computed dependencies of the AIN molar fraction in AlGaN on the A1 content in 
group-III vapor for pure carrier N 2 (solid line) and in 10% addition of H 2 (dash 
line) in comparison with the data of Ref. [13] (here, the growth temperature is 
1100°C, the Ga and A1 source temperatures are 850 °C and 550 °C, respectively, 
the total pressure is atmospheric, the group-III partial pressure is 3 x 10" 4 atm, 
and the NH 3 partial pressure is 0.015 atm). Good agreement of the computed and 



Figure 2.3 Computed AIN molar fraction in AlGaN vs. Al content in group-III vapor for pure 
carrier N 2 (solid line) and in 10% addition of H 2 (dashed line) in comparison with experimen¬ 
tal data of Ref. [13]. 
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experimental data is observed for the two carrier gases, regardless of the linear or 
sharp superlinear behavior of the dependencies. Small addition of H 2 to N 2 carrier 
gas sharply slows down reaction (2.5) that provides incorporation of Ga into the 
alloy but affects in no way reaction (2.7) that is responsible for the A1 incorpora¬ 
tion. This treatment is rather similar to that given in the original paper [13], 
however, our modeling analysis allows making some extended conclusions. 
Namely, it predicts that the A1 content in the alloy is also sensitive to the flow rates 
of HC1 and NH 3 . Though these species are involved in both the growth reactions 
(2.7) for AIN and (2.5) for GaN, the effect is provided here by the above-discussed 
differences in the reaction equilibrium constants fC R6 and K R4 . 

The different features of AIN and GaN HVPE also lead to different strategies in 
raising their growth rates to grow bulk crystals. In the case of AIN, when the 
growth rate depends on the concentration of the limiting species only (normally, 
A1C1 3 ), one should raise the concentration of this species. In the case of GaN, when 
the growth rate depends on the concentration of all the species involved in reaction 
(2.5) for GaN, it is better to minimize the concentrations of the reaction products 
(HC1 and H 2 ) and to raise the concentration of the reactive precursors (GaCl and 
NH 3 ). Simultaneously, the concentrations of the precursors affect the GaN growth 
rate in different ways. Figure 2.4 shows the computed dependencies of the GaN 
growth rate on V/III ratio at a fixed total partial pressure of the precursors. It is 
seen from the figure that the maximum growth rate is reached at the equal con¬ 
tents of the precursors in the vapor, that is, at V/III — 1. Note, however, that this 
analysis says nothing about the crystal quality. It is well known from various 
experimental data that good GaN crystal quality is provided at V/III ratio of several 
dozens, at least at V/III > 10. Figure 2.4 illustrates the fact that the combination 
of sufficiently high crystal growth rate (>400pm/h) and good crystal quality (V/ 



Figure 2.4 Computed GaN growth rate vs. V/III ratio at different dilution of the reactive 
precursors by neutral carrier gas (lines 1-6 correspond to the N 2 molar fraction of 0.9, 0.8, 
0.7, 0.6, 0.5, and 0.4). 
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III > 10) is possible at relatively low dilution of the precursors by neutral carrier 
gas (nitrogen molar fraction in the gaseous mixture below 0.6)-see “growth 
window” in the figure. The requirement of a high V/III ratio also restricts raising 
the limiting A1C1 3 in AIN HVPE. 

2.3.2 

SiC HTCVD 

An HTCVD method to grow SiC crystals with high rates may be to use silicon 
tetrachloride (SiCl 4 ) and propane (C 3 H 8 ) as precursors supplied separately and 
diluted by argon and hydrogen, respectively [24]. The process is carried out in a 
vertical reactor with the susceptor located on the top. The following process condi¬ 
tions were used in the experiments and specified in the computations: the total 
pressure is 200 Torr, the growth temperature is 2000 °C, Ar and H 2 flow rates are 
3 slm, the flow rates of precursors are varied in a wide range. 

Typically, the process simulation predicts a recirculation zone near the wafer 
edge (as shown in Figure 2.5, left). However, its influence on the uniformity of 
temperature distribution in the growth region appears to be negligible (see Figure 
2.5, right). Propane decomposes completely in the gas phase, so that acetylene 
(C 2 H 2 ) becomes the main C-containing by-product. Note that a significant graphite 
etching at the outlet of reactor injectors provides an additional supply of acetylene. 
Similarly, SiCl 4 is irreversibly transformed into SiCl 2 and SiCl. Thus, C 2 H 2 , SiCl 2 
and SiCl are the main species contributing to SiC growth. In addition, a large 
percentage of hydrogen chloride results from SiCl 4 decomposition. To get an 
insight into the process, computations were performed at various flow rates of 
precursors. The growth rate dependence on C 3 H 8 flow rate is demonstrated in 
Figure 2.6. It follows from the modeling results that a nonzero growth rate can be 
expected at zero propane flow rate. This is associated with the additional produc¬ 
tion of carbon due to the graphite etching. Figure 2.7 illustrates the growth rate 
as a function of SiCl 4 flow rate. Our computations show saturation in the growth 



Figure 2.5 Flow patterns (left) and temperature distribution (right) in the SiC HTCVD reactor. 
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Figure 2.6 Growth rate as a function of the C 3 H 8 flow rate. Experimental data from [24], 



Figure 2.7 Growth rate as a function of the SiCI 4 flow rate. Experimental data from [23], 


rate at the Si/C ratio close to unity. Nevertheless, the saturation in experiment [24] 
is reached at somewhat higher values of the Si/C ratio. 

In summary, computational analysis of SiC HTCVD from silicon tetrachloride 
(SiCl 4 ) and propane (C 3 H 8 ) precursors shows that the process conditions consid¬ 
ered provide complete precursor decomposition in the growth chamber. On the 
other hand, as follows from a comparative analysis, parasitic deposits at the reactor 
walls and inlet unit influence negligibly the growth rate for the reactor geometry 
and temperature distributions. As a result, a high growth rate of 100-300|tm/h 
and maximal yield are expected due to minimal precursor losses. 

The conventional precursors employed in CVD-reactors for growing monocrys¬ 
talline silicon carbide are silane (SiH 4 ) and propane (C 3 H 8 ) highly diluted by a 
carrier gas. A novel reactor, schematically presented in Figure 2.8 together with the 
flow patterns, was suggested in [25]. SiC crystal is grown simultaneously on two 
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Figure 2.9 Growth rate and thickness uniformity versus Si H 4 flow rate, predicted by modeling. 


substrates located opposite each other on the upper and lower walls of the chamber. 
In this case, most of the vapor-phase silicon carbide is deposited on the substrates. 
The object of the method is to provide a reactor for growing bulk silicon carbide 
single crystal of a high quality required to produce semiconductor devices, while 
providing low production costs and a high output to ensure industrial application. 

The reactor design optimization along with the selection of operating parame¬ 
ters providing high growth rates and good thickness uniformity has been per¬ 
formed using simulations. A good uniformity of typical temperature distribution 
is predicted along the reactor height, providing the complete decomposition of 
precursors into such Si- and C-containing by-products as SiH, Si, C 2 H 4 , and C 2 H 2 . 
As one can see from the velocity vectors, there are no stagnation and recirculation 
zones for typical operating conditions. 

Modeling analysis has shown that the mean growth rate increases linearly with 
the silane flow rate (see Figure 2.9). This is due to the fact that under the optimized 
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Figure 2.10 Computed distributions of the Si vapor concentration (upper part of the figure) 
and Si cluster density (upper part of the figure) for the HTCVD reactor from [25], 

conditions there is practically no depletion of the gas mixture in silicon due to the 
gas-phase nucleation. Silicon clusters are formed in a cold zone near the inlet and 
completely evaporate at high temperature in the growth zone. This result is illus¬ 
trated by the distributions of the Si vapor concentration and Si particle density, 
presented in Figure 2.10 for the central cross-section of the reactor. 

The wafer rotation provides the efficient smoothing of the growth rate distribu¬ 
tion. The growth rate of about 0.8mm/h is predicted at the total pressure of 
200mbar, wafer temperature of 2200 °C, and Ar flow rate of 1.2 slm. 


2.4 

Conclusions 

Application of the quasi-thermodynamic model to the analysis of AIN, GaN, and 
AlGaN HVPE has revealed considerable differences in the growth of AIN and GaN. 
First, HC1 dominantly converts into aluminum trichloride (A1C1 3 ) in the metal A1 
source but into gallium monochloride (GaC) in the metal Ga source. Then, AIN 
grows largely following reaction A1C1 3 + NH 3 —> AlN(s) + 3HC1 under essentially 
nonequilibrium conditions, while GaN-following reaction GaCl + NFi 3 —> 
GaN(s) + HC1 + H 2 under near-equilibrium conditions. As a result, the AIN growth 
rate is sensitive only to the flow rate of the limiting species (normally, A1C1 3 ), while 
the GaN growth rate is sensitive to the flow rates of all the species involved in the 
latter reaction. The differences in AIN and GaN HVPE results in sensitivity of 
the AlGaN alloy composition to H 2 , HC1 and NH 3 flow rates and eventually deter¬ 
mine different strategies of raising the AIN and GaN growth rates to grow bulk 
crystals. 

Reactor-scale modeling of the SiC HTCVD process allows a reasonable repro¬ 
duction of the experimentally measured growth rate as a function of the major 
operating parameters. From the model predictions, one can conclude that the use 
of a properly designed reactor and optimized growth conditions, high growth rates 
of about lmm/h with reasonable uniformity can be achieved. This suggests that 
modeling can be successfully used for elaborating the SiC HTCVD process, provid¬ 
ing low production costs and a high output to ensure industrial application. 
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3 

Advanced Technologies of Crystal Growth from Melt Using 
Vibrational Influence 

Evgeny V. Zharikov 


3.1 

Introduction 

The crystallization process is a complex versatile multiscale phenomenon. There 
is a large spectrum of different length scales in crystal growth starting with atomic- 
scale processes and finishing with macroscale elements of crystal growth. The 
difference in length scales covers 10 orders of magnitude, over which crystal- 
growth phenomena take place. It is important to stress that most of them, includ¬ 
ing oscillations of atoms on microscale, fine flows in boundary layer on mesoscale 
and characteristic oscillation, resonance features of growth system on the macro¬ 
scale are vibration sensitive. The situation becomes even more complicated due 
to a great variety of different time scales in crystal-growth process. The time scales 
range from subsecond values up to many hours, and they appear as the rapid vari¬ 
ations of the melt flow, intermediate solidification rates or slow transient phenom¬ 
ena of the thermal environment. 

In crystal growth from the melt one of the most serious problem is a problem 
of convection control. Convective flows in nonuniformly heated inhomogeneous 
fluids significantly affect on many aspects of the growth processes producing a 
number of undesirable defects including nonuniform distribution of components 
and dopants, unstable shape of the interface, growth striations, inclusions, bubbles, 
etc. Control of convective transport of heat and constituent components appear to 
be an efficient way of improvement of the quality of single crystals. 

In recent years there have been a number of efforts to develop an efficient tech¬ 
nology of melt crystal growth either by damping of irregular natural convection 
by putting into the melt motionless baffles [1], rotating rings [2], etc., or by creation 
of forced convection using rotation of crystal (or both crystal and crucible) [3, 4] 
and low-energy external force fields including magnetic fields (static [steady] and 
dynamic [nonsteady] with a number of varieties like longitudinal, transverse, rotat¬ 
ing RMF, pulsating PMF, and traveling magnetic field TMF) [5-8]; as well as 
electrical fields [9-12]; rotating thermal fields [13]; centrifugal forces [14, 15]; sub¬ 
merged heaters [16, 17]; and various vibrational techniques, such as accelerated 
crucible rotation technique, ACRT [18, 19], its variation called angular vibrational 
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technique, AVT [20], coupled vibrational stirring CVS [21, 22], ultrasonic influence 
[23, 24], etc. 

There are several review papers discussing low-energy methods (see, for instance 
[6, 25-27]). All of the proposed methods of creation of forced convection and 
damping of irregular buoyancy convection allow control of the heat-mass transfer 
in the melt and improvement in the quality of grown crystals to a different extent. 
Among them the most widely used and the better investigated today are RMF, 
ACRT and ultrasound techniques. 

At the same time the variety of different methods used as well as the length of 
their list itself together with regular appearance of new variants is direct evidence 
that all the proposed methods do not meet completely the requirements of grow¬ 
ing of high-quality crystals. The criticism of most of particular methods could 
easily be found in the literature (see, for instance [6, 22, 28, 29]). Practically, there 
is no method that would not be criticized either because of its limitations or weak 
features and disadvantages. 


3.2 

Axial Vibrational Control in Crystal Growth 

In addition to previously discussed low-energy methods there is one more spe¬ 
cific vibrational technique, namely axial vibrational control, AVC, which use the 
applying of axial low frequency and small amplitude vibration to the growth system 
[30, 31]. 

A large variety of different kinds of vibrations exists. Gershuni and Lubimov [32] 
distinguish the following types: (i) progressive (linear, circular, noncircular etc.); 
(ii) rotational, (circular and noncircular); (iii) swinging; (iv) total volume vibrations 
and/or submerged body vibrations; (v) harmonic and nonharmonic; (vi) low- and 
high-frequency vibration. It should be noted that a number of authors who discuss 
the use of vibrations in crystal growth, consider them as the different variants of 
“vibrational technique” and often they do not make any distinction between their 
types. However, the different kinds of vibration (for instance, ACRT, CVS, AVC, 
ultrasound, etc.) demonstrate a significant difference in mechanisms and large 
variety of forced convection flows. 

We consider here only progressive (translational) vertical vibrations induced 
either by the crystal itself or by special solid body (baffle). Using the different vari¬ 
ants of the AVC technique in crystal growth from the melt is the subject of the 
present chapter. 

Many authors point out that crystallization is periodic, oscillatory (“rhythmic”) 
process [33-36]. Numerous supporting facts are gathered in metallurgy and min¬ 
eralogy [37, 38]. Various publications studied the different kinds of related growth 
striations that were attributed to crystal rotation, thermal asymmetry in the system, 
etc. It was demonstrated that the microscopic growth rate exhibited a periodic 
variation and differed from the macroscopic growth rate by as much as a factor of 
10 [39]. Other studies suggest that the oscillatory growth striation (“zoning”) in 
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some cases could not be caused by external reasons but was generated by complex 
kinetics at the crystal/melt interface (e.g., [40-42]). The physical origin of the 
instability, although it varies for different systems, is normally believed to associate 
with the competition of interfacial kinetics and chemical transportation, and non¬ 
linear boundary conditions are sometimes required [42]. 

Various mechanisms were proposed. Some authors explain the phenomenon of 
oscillatory crystallization based on the concept of a jump in constitutional super¬ 
cooling (see, for instance [43]), the anomalous nonmonotone dependence of 
growth rate upon temperature [34, 35, 44], the kinetic transition from the steady- 
state regime of continuous crystallization to a self-oscillating one [45, 46], the 
alternate switching of the crystal surface between smooth and rough states that 
results in a drastic change in the growth velocity [42, 47, 48], etc. Others [49, 50] 
introduce the idea of clusters (or nanoclusters) into this process by blocking the 
growth interface and further their reconstructing and growth of crystal by attach¬ 
ment of the nanoclusters. The authors of Refs [51-53] consider that formation of 
stratified structures (oscillatory zoning) is not random and describe it in the frame¬ 
work of the concept of deterministic chaos. The quantitative description of the 
character of oscillatory zoning pattern in crystals can be performed by nonisotropic 
self-affine fractal geometry [54, 55]. The fractal dimension of the pattern is a quan¬ 
titative measure of the nonrandomness of the striation and emphasizes the need 
to develop a model for crystal growth with the requirement that the model predict 
an oscillatory zoning pattern with the same fractal characteristics as the observed 
pattern. 

Discussion on the nature and mechanisms of oscillatory crystallization started 
in the 1950s still did not finished and no single opinion exists up to now. However, 
it should be recognized that among the action of various external fields the oscil¬ 
latory (vibrational) impact should most closely correspond to the fundamental 
nature of crystallization and it would be the most efficient way to influence the 
crystal-growth process. Moreover, there is a point of view [56] that fabrication of 
highly uniform crystals needs in insertion of external oscillation into a growth 
system that make the process steady state. 

The history of studies of vibrational influence on crystal growth from liquid 
phase starts from the mid-1950s. The first paper was published by Vitovskii in 
1955 [57] where he used low-frequency vibration of the crystal during growth from 
solution. Vitovskii demonstrated a 4-fold increase growth rate under vibration with 
50 Hz frequency and amplitudes in the range 0.1-0.5 mm. Since then, many 
authors have studied the influence of vibration on the growth of crystals from the 
melt and solution (see the detailed list of references in our review papers [58, 59]). 

The influence of vibrations on the character of the crystallization and the crystal 
properties was demonstrated. Experimental data on various aspects of vibrational 
influence on growth behavior and crystal properties have been obtained. The vibra¬ 
tion affects on nucleation velocity and rate of crystal growth [57, 60, 61], the shape 
of a freely growing crystal [62, 63], the incorporation of impurities [64-66], local 
inhomogeneity [67], and the dislocation density in a crystal [68] were all deter¬ 
mined. The effects found occur to a different extent for a wide region of intensities 
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and frequencies of vibration. The influence of vibrations on crystal growth in the 
ultrasonic (from tens of kHz to several MHz), acoustic (usually tens to hundreds 
of Hz), and even subsonic ranges (from 0.5 to 5 Hz) has been investigated. The 
displacement amplitudes are usually confined to several micrometers for ultra¬ 
sound [69] and reach 10-25 mm in experiments on the influence of infrasound 
[70, 71]. 

However, those studies of axial low-frequency vibration were nonsystematic and 
odd: each author published usually no more than one or two papers. This situation 
is quite natural and explicable since the mechanisms were unknown and really 
efficient use of axial vibration in crystal growth was very difficult to perform. A 
series of mechanisms has been proposed to explain the effect of low-frequency 
vibration on crystal growth. These include the destruction of the diffusion layer 
[67], the motion of dislocation loops under vibrational influence [63], fluidization 
of the semiordered near-surface layer [72], modulation of the growth rate during 
crystal vibration caused by temperature oscillations near the crystallization front 
[73, 74], and intensification of heat and mass transfer in the sonic field [75, 76]. 

At the same time a number of observed effects (see below), which take place 
during crystal growth under low-frequency vibrations of small amplitude, cannot 
be explained in terms of these mechanisms. As will be shown below, the effects 
of vibrational influence can be understood in terms of complex vibrational induced 
flow both in the bulk and on surface of liquid that significantly modify the heat 
and mass transfer and vary the kinetics and rate of crystal growth. 

It was found [30, 31] that a solid body in the liquid subjected to vibration with 
low frequency (tens of Hz) and small amplitude (tens to hundreds of micrometers) 
produces the closed stationary flows in the form of a vortex near their sharp edges 
perpendicular to the direction of vibration (Figure 3.1). This was demonstrated 
experimentally by physical modeling on transparent liquids (water-glycerin mix¬ 
tures) and also by numerical simulation. Only after discovery of this phenomenon 
did it became easy to interpret the facts and explain the effects occurring via the 
vibrational influence on crystal growth from a liquid phase. 

The primary numerical modeling of this phenomenon was carried out in Refs 
[77, 78]. It was supposed that the body with a dihedral rectangular edge executed 
linear harmonic vibrations in a stationary infinite liquid. The direction of vibration 
is perpendicular to one of the facets of the body, whereas its amplitude is to a large 
extent smaller than the size of the body. The numerical solution of the Navier- 
Stokes equations was executed in approximation to a viscous incompressible liquid 
by a splitting scheme [79]. The solution reveals the existence of a stationary average 
flow characterized by two areas of circulation with opposite direction of motion 
(Figure 3.1). Computation shows that the sizes of circulation increase both with 
the rise of the amplitude, the frequency of vibrations, and with the viscosity of the 
liquid. For example, at an amplitude of 0.1mm, a frequency of 30 Hz and a kin¬ 
ematic viscosity of 0.1 cm 2 s _1 the average diameter of circulation can reach 40 mm. 
These primary flows induce the formation of intensive secondary flows in the bulk 
liquid that can drastically change the hydrodynamic situation in a growth system. 

As is shown on Figure 3.1, the flow near vibrating edges develops in the form 
of vortex tubes. The physical nature of this phenomenon encloses the formation 
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Figure 3.1 Circular motion of a liquid near a cylinder subjected to low-frequency and 
small-amplitude axial vibration. 


of a nonstationary boundary layer near the body surface and its periodic break-off, 
which causes the stationary movement in the liquid. 

Vibrational convection arising from the applying of vibrations (with low-fre¬ 
quency and small-scale amplitude) to the body with sharp edges is a specific type 
of stationary flow in the fluid. It differs from known fluid flow that is evident from 
a comparison with acoustic flows [80] and Schlichting flow [81]. In fact, certain 
important effects of vibrational convection cannot be adequately described based 
on known solutions of the boundary-layer problem that are applied to vibrations 
normal to the axis of a cylinder submerged in a liquid as well as vibrations of a 
sphere or body with a Chaplygin profile [82]. A correlation between the scales and 
structure of steady-state fluid flows, on the one hand, and the amplitude-frequency 
characteristics of vibrations, on the other hand, show this [58]. 

The phenomenon of vibrational convection cannot be explained by the theory 
of acoustic flow because the characteristic dimension of the vortices in such flows 
is similar to or greater than the wavelength of the sound [80]. In contrast, the 
typical wavelengths for the vibrations under study are about 10 m, whereas the 
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characteristic dimensions of the vortex, as a rule, are three orders of magnitude 
less. Steady-state convective flows generated by vibration occur at considerably 
lower amplitudes than Schlichting flow [58]. The appearance of small-scale vortices 
near the sharp edge of the vibrating body is a significant difference from ordinary 
flows within the boundary layer. The authors of Ref [83] called this specific new 
flow “anti-Schlichting” flow, and they noted that the latter flow could convert into 
regular Schlichting flow when the sharp edges of a vibrating body will change to 
round edges. In addition, the specific character of vibrational convection is cor¬ 
roborated in the case of a Czochralski configuration by complex surface flow [84] 
arising together with the bulk flow distinguishes vibrational convection from other 
known flows. 

The influence of low-frequency vibrations on a liquid is substantially different 
from that of ultrasound. Low-frequency vibrations induce a controlled large-scale 
melt flow that can make the temperature and composition near the growth front 
homogeneous due to additional stirring. In contrast, the ultrasound possesses 
higher energy capacity compared to low-frequency vibrations and its nonlinear 
effects are much more pronounced. The special features of ultrasound are forma¬ 
tion of acoustic flow, radiation pressure, cavitation, and production of the traveling 
or standing waves assisted with release of heat [85]. Especially harmful are cavita¬ 
tion effects leading to damage and dispersion of crystal and standing waves pro¬ 
ducing stratification (antinodes) in the liquid and strong striation in the grown 
crystals [24, 85, 86]. 

The technique of applying vibration with low-frequency and small amplitude 
called axial vibrational control (AVC) is realized either by vibration of growing 
crystal or by oscillation of special submerged body, which is located near the 
crystal/melt interface and oscillates inducing vibrational convection flows. AVC 
can easily be adapted to many methods of crystal growth from a fluid medium 
(melt or solution) [31]. Application of AVC to different techniques of crystal growth 
from melt shown on Figure 3.2. By now it was realized in Czochralski, top-seeded 
solution growth (TSSG), vertical Bridgman and floating zone methods that will be 
discussed below in more detail. The most comprehensive work has been done for 
AVC-assisted Bridgman (AVC-BR) and Czochralski (AVC-CZ) techniques, and 
major attention in the chapter is paid to these two important melt growth methods 
assisted with controlled vibrational influence. 

In the experiments electromechanical vibrating converters were used as a vibra¬ 
tion source. They could produce vibration with amplitudes up to 1.5 mm and 
frequencies between 0 and 500 Hz. In the experimental studies vibrations with 
frequencies up to 80Hz and amplitude from 50 to 500pm were applied. Physical 
modeling of heat and mass transfer was carried out on water-glycerine mixtures; 
in model crystallization experiments NaN0 3 was used, as it possesses a transparent 
melt with suitable physical properties. The “light-knife” system and computer pro¬ 
cessing of photographs were used to investigate the melt motion in the experiments. 

Mathematical modeling was performed on the basis of unsteady 2D Navier- 
Stokes-Boussinesq equations for incompressible fluid. The finite element method 
and both computer codes ASTRA [87] and FLUENT 6.4 software [88] were used 
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Czochralski technique Bridgman technique 



Detached Bridgman technique Floating zone technique 



Kyropulos technique 



Liquid Phase Epitaxy 



Stepanov technique (1) 



Stepanov technique (2) 



Figure 3.2 Use of axial-vibrational control in different techniques of melt crystal growth. 


for calculations. In the mathematical model the following assumptions were used: 
the applied vibrations are assumed to be of small amplitude, therefore the vibrator 
displacements are negligible, and the velocity of the vibrator is predefined as a 
harmonic function 

v = Am ■ sin (cot), 

where A, vibration amplitude, ft), vibration frequency. 

Convective and diffusive terms were approximated symmetrically, for stabiliza¬ 
tion the additional dissipative diffusion terms were added to each convection- 
diffusion equation. 

The vibrating baffle forces the melt flow, which is the superposition of two- 
component flows of different time scale and different nature. The first one is the 
instantaneous vibrational convective melt flow, which is controlled by the vibrator 
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frequency. This flow cannot normally be detected visually in experiments at rather 
high vibrator frequencies/=10-100 Hz. The second flow is the averaged vibrational 
flow (AVF), which has significantly reduced velocities and becomes quasistationary 
with time. This flow can be observed as particle tracks in the experiments with 
transparent liquids. It is not gravity sensitive and exists also in the case of micro¬ 
gravity and under isothermal conditions. Under nonisothermal conditions when 
the vibrational flow and thermal convection flow (TCF) are present simultaneously, 
the integrated flow, which is the superposition of AVF and TCF flows appear. 

In numerical simulation the calculated instantaneous flows were averaged in 
time to evaluate averaged vibrational flow. The calculations were made using the 
time-step value so that its value was 1 /100-1 /10 of one period of vibrations (depend¬ 
ing on the frequency of vibrations). In all cases, the results of calculations cor¬ 
respond to the time when the averaged vibrational flow becomes quasistationary. 

For comparison of the various vibration regimes the vibrational Reynolds number 
was used: 

„ 2k■ f■ A - R 

Re v =---. 

v 

Here, 

f, vibration frequency; 

A, vibration amplitude; 
v, kinematic viscosity; 

R, vibrating body radius. 

Consideration of fluctuation effects in directional crystallization shows [89] that 
after a single disturbance at the growth interface the steady-state composition is 
reached within a time: 

t = 2S 2 /D, 

where S is boundary layer thickness, and D is diffusion coefficient. 

Taking typical values S= 10“ 4 m and D = 10 _8 m 2 s _1 , we obtain a time of the order 
of 1 s. This means that the solutal transient of the growing interface is quite slow, 
and the interface acts as a “low-pass filter” (Ref. [90]) preventing the influence of 
growth-rate perturbations or temperature oscillations with certain frequencies. 
The frequency limit from the above estimation is about 1 Hz. The same value can 
also be obtained from the analysis presented in Ref. [91]. According to estimates 
in Ref. [92] the critical value could be about 10 Hz. Below this limit (a few Hz) any 
fluctuations are dangerous. On the contrary, higher-frequency perturbations 
including typical for AVC values should be damped. 

The influence of low-frequency and small-amplitude axial vibration on crystal 
growth from a liquid phase is not confined by formation of bulk flows shown in 
Figures 3.1 and 3.2. Some new important effects of vibration were discovered 
during other studies (see Refs [58, 59, 88, 93]). They will be discussing in the fol¬ 
lowing sections. Although the effects were observed in the case of particular 
vibration-assisted growth configurations, there are reasons to believe that these 
effects have a common character. 



3.3 AVC-Assisted Czochralski Method 


3.3 

AVC-Assisted Czochralski Method 

In the Czochralski configuration the crystal itself plays a role of vibrating body, 
which contacts the surface of melt and produces intensive vibrational flows in the 
bulk melt. The photo of a typical flow pattern in a transparent model liquid under 
axial vibration is shown in Figure 3.3. In this particular case the distilled water 
(v = 0.01cm 2 /s) used as a model liquid in a crucible with diameter D = 74mm. 
The lower end of the vibrating model crystal (with d = 25 mm) located at 1mm 
below the surface of liquid. 

Experimental studies of interaction between vibrational and thermal convections 
showed that vibration efficiently suppressing the natural convection flows [31]. The 
direction of melt motion in vibrational vortices is opposite to that of thermal con¬ 
vection. Along with an increase of the vibrational Reynolds number the vortices 
of vibrational convection spread to the crucible wall, occupying more and more 
space. Finally, the whole volume of crucible becomes occupied only by vibrational 
flow without any thermal convection. 

The simultaneous interplay of the vibration, thermal convection and rotation 
(the case of opposite rotations of the crystal and the crucible) was investigated by 
primary studies of numerical calculations in Ref. [94]. It was shown that interac¬ 
tion of these three factors leads to the appearance of a complex structured flow. 
The parameters for calculations were chosen the following: A = 100pm,/= 50 Hz, 



Figure 3.3 Flow pattern in AVC-assisted Czochralski (D = 74 mm; d = 25 mm; H/D = 0.9; 
h = - 1 mm; Re v = 2563). 
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Recrystai = -500, Re cmcib i e = 500, Gr = 214610, Pr = 5.43. The full melt volume could 
conditionally be divided into two domains by the line, which connects the lateral 
side of the crystal and the bottom corner of the crucible. The flow structure in the 
external domain is formed by the thermal convection. In the internal domain 
the flow structure is formed by both the vibration and rotation. Conflict between 
the vibration and the rotation takes place. The preliminary results from Ref. [94] 
suggest that this fight could lead to the homogeneity alterations of the temperature 
field. Further parametric investigation of this triple interaction is necessary to 
obtain the authentic view of these complex phenomenon. 

AVC gives efficient suppression of the temperature oscillations at the interface 
[95] and control of both the composition and dopant segregation/distribution in 
the crystal [96]. In particular, it produces the smoothing of compositional fluctua¬ 
tions in doped crystals, and provides the leveling of both dopant concentration and 
nonstoichiometry along and across the crystal [96, 97]. Experiments on AVC- 
assisted high-temperature Czochralski growth of yttrium-scandium-gallium garnet 
doped by erbium and chromium ions, Er,Cr:YSGG (melting point 1910°C), 
showed [97] the noticeable weakening of striation. Figure 3.4 demonstrates the 
fluctuations of the Er concentration obtained by microprobe analysis in a grown 
crystal both without vibration and under vibrational influence (/ = 50 Hz, A = 
40 pm). Instead of nonoptimized vibrational parameters one can see that the 
amplitude of concentration fluctuations (swing) reduces under vibration by about 
a factor of two. Another effect of vibration that is clearly seen from this graph is 
a notable decrease of the average Er concentration (from about 30.4 at.% to 29.9 



Figure 3.4 Smoothing of compositional fluctuations under crystal vibration: (a) no vibration; 
(b) vibration with frequency/= 50 Hz and amplitude A = 40pm. 
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Figure 3.6 Mechanism of change of flow direction under the crystal in AVC-CZ. h, penetration 
depth of crystal regarding position of free surface of liquid (h 0 ). 


at.%). This is due to the influence of low-frequency vibration on the segregation 
processes during crystal growth, resulting in the change of distribution coefficients 
of components in the presence of vibration compared to “nonvibrating” crystal. 

Bulk flow under the growing crystal could be significantly changed by the posi¬ 
tion of crystallization front regarding free surface of liquid. A schematic sketch 
(Figure 3.5) shows that along with penetration of crystal into a liquid the direc¬ 
tion of bulk flow alters to the opposite one. Figure 3.6 explains the cause of this. 
When a vibrating solid/liquid interface is located above the free surface of liquid 
(Figure 3.6a) we observe the normal direction of vibrational convection flow (“anti- 
Schlichting” flow) under the crystal. However, when the interface shifts below the 
free surface (Figure 3.6b) a couple of new primary vortices (rotating in the same 
direction as the former flow) appear in the meniscus. This results in formation 
of secondary flow, which occupies all the space under the crystal. The further 
penetration of crystal into a liquid (Figure 3.6c) leads to growth of primary vortices 
and a corresponding realignment of the secondary flow. The detailed investigation 
of this phenomenon in dependence on h and Re v values was performed in Refs 
[59, 98], 

Intensive axial low-frequency vibration applied to a vibrating body in Czochralski 
configuration produces not only bulk flow, but also complex surface flow (Figure 
3.7). It is polyharmonic motion that includes two different but closely related flows 
[84]. The first of these is a standing surface wave that expands from the vibrating 
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Figure 3.7 Surface flow induced by low-frequency axial vibration (distilled water, vibration 
with/= 30Hz, A = 300 pm, Re„ = 1117). 


crystal to the crucible wall. The other type of flow superimposed on this wave 
appears as large vortices, similar to cells, the dimension of which is several times 
greater than the length of the surface wave. The surface vortices could be involved 
in a slow motion around crucible axis in a ring gap between a vibrating crystal 
and a crucible wall. Additional effect produces the crucible rotation, which creates 
a shearing perturbation. It leads to a reduction of a number of surface vortices by 
their association into pairs [98]. The wavelengths, number of vibrational vortices, 
and velocity of motion of the liquid in them are controlled by the vibration param¬ 
eters. For instance, in the case presented on Figure 3.7 the number of surface 
vortices is 8 and the velocity of surface flow V = 2.2 cm/s. 

The numerical calculations of interaction between the low-frequency vibration 
(A = 100pm,/ = 50Hz) and the Marangoni convection (Mn = 500) showed [94] 
that the vibration weakens the influence of the thermocapillary Marangoni convec¬ 
tion in Czochralski crystal growth. The vibration makes the temperature distribu¬ 
tion at the free surface more homogeneous. This decreases the temperature 
gradient along the melt surface and reduces the Marangoni convection intensity. 
So, the phenomenon of complex surface flow formation gives a unique opportu¬ 
nity to control/compensate undesirable surface flows caused by both thermocapil¬ 
lary and thermoconcentration Marangoni convections [84]. 

Recently, a new scheme of AVC introduction in the Czochralski configuration 
has been proposed [88], In fact, it is a kind of combination of Czochralski and 
AVC-assisted Bridgman methods. According to this scheme (Figure 3.8) the forced 
flows in the melt are generated by axial oscillations of a disk submerged under 
the crystal. The experiments were performed on model water-glycerin mixtures 
with viscosities from 1 to 100 cP and by crystal growth from an optically transpar¬ 
ent NaN0 3 melt (q = 2.25 cP at T melt = 580K). It was found that this new scheme 
can produce stable symmetric vibrational bulk flows within the entire range of 
viscosities during overheating of the crucible walls in relation to the growth inter¬ 
face up to 60 K. According to the results of physical model experiments proved by 
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Figure 3.8 Scheme of insertion of axial vibration into a melt by submerged vibrating disk and 
photo of flow pattern in model experiment (distilled water, vibration with/= 50 Hz, 

A = 1,67mm). Numbers indicate primary (I), secondary (II), and ternary (III) bulk flows. 


numerical simulation results obtained with the use of Fluent 6.4 software, the 
application of the new version of the AVC-CZ technique provides temperature 
leveling over the full melt volume. For this configuration it was also shown that 
dislocation density could be the same in “vibrational” NaN0 3 crystals grown at 
growth rates four times larger compared to crystals fabricated by a regular Czo- 
chralski process without vibration. Another impressive result was found by studies 
of the Raman spectra of the grown single crystals. It was found [88] that AVC 
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influences the vibrational and rotational modes of N0 3 “ groups at Na atoms in the 
NaN0 3 structure, reducing the half-width and intensity ratio of characteristic 
Raman peaks that confirms the refinement of structure perfection of single 
crystals. 

Up to now, the AVC-assisted crystal growth by the Czochralski method has been 
realized for NaN0 3 and some complex oxides with garnet structure, in particular, 
Er,Cr:YSGG discussed above. In addition, the authors of Ref. [99] reported a suc¬ 
cessful growth of BaTi0 3 and K(Taj_ x Nb x )0 3 with composition 0.30 < x < 1 using 
the AVC technique with a vibration frequency of 50 Hz and an amplitude of 
0.5 mm by the TSSG method. They considered these vibration parameters as 
optimal growth conditions to produce striation-free K(Ta 3 _ x Nb x )0 3 samples. 


3.4 

AVC-Assisted Bridgman Method 

The problem of effective control of heat-mass transfer is essentially important for 
vertical Bridgman growth configuration due to its low efficiency of heat-mass 
transport. It makes the use of external force fields in a Bridgman process very 
desirable and promising. As experiments have shown, closed-ampoule transla¬ 
tional vibration under isothermal conditions does not result in any flow. The liquid 
in this case behaves as a rigid body. Buoyancy driven vibroconvective motion 
occurs when oscillatory displacement of a container wall induces the acceleration 
of a container wall relative to the inner fluid. The vibrations of an ampoule with 
a free surface can produce rather intensive flows. However, these currents are 
limited by the surface and cannot exert much influence directly on the crystalliza¬ 
tion front. 

In the presence of an axial temperature gradient when the fluid density is nonu¬ 
niform, fluid motion may ensue. However, the magnitude of this motion depends 
on the orientation of the vibrational direction with respect to the local density 
gradients. In Ref. [100] the angle between the direction of vibration and the 
ampoule has been studied for translational vibrations in the presence of an axial 
temperature gradient. It was shown that axial vibration of the ampoule is the least 
efficient and the maximum observed effect corresponds to an angle of 90 degrees. 

There are several papers that discuss low-frequency vibration axially applied to 
the ampoule in vertical Bridgman growth [101-104]. It is not surprising that no 
notable effect of vibration on microstructure, compositional profile, interface 
shape, etc. was found [101, 102] for such a configuration of experiment. Neverthe¬ 
less, the investigation of crystal quality performed in a recent paper [104] has 
shown that low-frequency axial vibration applied even to a growth ampoule can 
produce a perceptible effect. This paper was devoted to growth of Bi 12 SiO 20 crystals 
by vertical Bridgman under 50-Hz ampoule vibration with amplitudes within the 
50-100 pm range. Extension of the short-wavelength spectral absorption edge was 
observed and a corresponding squeeze of X-ray rocking curves in a certain range 
of vibration amplitudes that is evidence for improvement of crystal perfection. 
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(a) (b) 


Figure 3.9 AVC-assisted Bridgman technique: (a) insertion of axial vibration; (b) the flow 
pattern. 


A significantly more efficient influence, compared to ampoule vibration, is 
produced by the insertion of a submerged body, which locates near the crystal/ 
melt interface and oscillates in the melt (Figure 3.9) with a frequency of tens Hz 
and an amplitude of tens to hundreds micrometers, inducing macroscopic vibra¬ 
tional convection flows. Disks appear to be the simplest way to introduce vibrations 
that result in controllable axially symmetric flow. 

The experiments performed in Ref. [105] showed that insertion of a motionless 
baffle into an ampoule with NaN0 3 melt resulted in retardation of heat transfer 
and prevented heat exchange between the upper and lower parts of melt in the 
ampoule. It also led to a change of flow pattern of the natural convection (Figures 
3.10a and b). In the absence of vibration, the crystal/melt interface is slightly 
convex to the melt. Switching on the vibration resulted in formation of a vibrating 
flow near the disk (Figure 3.10c). Flow from a vibrator body down to a crystal 
causes a displacement of the crystal/melt interface and deflects it toward the 
crystal. Manipulation of the amplitude-frequency input can be used to obtain a 
practically flat crystal/melt interface (Figure 3.10d). The flow strength grew with 
increase in vibration amplitude and resulted in considerable ordering at Re v = 1290 
[105]. Very large amplitudes cause unstable flows with no axial symmetry that 
prevailed over the entire volume. 
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Figure 3.10 Flow patterns in NaN0 3 Re v = 684, S k = 2.33; (d) /= 66 Hz, 

melt (v= 1.47 X 10 -2 cm 2 s _1 ) in Bridgman A = 300|im, Re v = 1354, St = 2.33; 

configuration, (a) free melt; (b) melt (e)/= 50Hz, A = 300(im, Re v = 1026, 

with motionless vibrating body, S k = 2.33; 5 k = 2.33; (f) / = 50Hz, A = 300|im, 

(c) vibration/= 50Hz, A = 200|im, Re„ = 1026, 5 k = 0.96. 


Changing the diameter of the vibrating baffle considerably altered the flow 
pattern in the melt. The normalized difference between the cross-sectional area of 
the ampoule and the cross-sectional area of the vibrator is used as a geometrical 
parameter and is 



Here, 

D, internal diameter of ampoule; 
d, diameter of vibrating body. 

For S k equal to 2.33, the introduction of the (nonvibrating) baffle into the melt 
resulted in two separate, but similar, flow structures in the top and bottom parts 
of the ampoule. Under vibration, the pre-existing flow structure is retained, but it 
increased in intensity with increasing vibration amplitude. In the area close to the 
crystallization front there is a practically isothermal and motionless layer of melt. 
The thickness of this layer decreased with increasing vibration amplitude. 

In the system with S k equal to 0.96, and all other conditions the same, the increase 
of the disk size has a pronounced effect on the flow structure (Figure 3.10e). The 
flow intensity sharply increases. At Re v = 1300, in contrast to the previous case, 
axial symmetry is lost. Furthermore, the flow reached the crystal surface. This 
results in a deflection of the crystal/melt interface toward the crystal (Figure 3.10e). 

AVC-assisted crystal growth by the Bridgman method has been realized for both 
low melting point and high melting point dielectric and semiconductor materials 
[106-109]. In particular, AVC-BR technique was adapted for growth of NaN0 3 , 
AbBr, AgBrCl, PbTe, and CdTe crystals and the corresponding equipment for 
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crystal growth was fabricated including an AVC-assisted computer-controlled 
transparent furnace for growth of low melting point compounds [106] and a high- 
temperature sealed furnace for crystallization of decomposing materials [107]. 

It was shown that crystal growth under axial vibration results in substantial 
increase of growth rate (from 2mm/h to lOmm/h for NaN0 3 crystals) without 
loss of crystal quality [108]. The solid/liquid growth interface shape and position 
have been measured as a function of vibrational parameters. The interface could 
be controlled very finely from slightly convex to concave. Other measurements 
include growth rates, dopant (Ag) concentration profiles and dislocation density 
as a function of forced convection parameters [88, 108]. The reason for the signifi¬ 
cant decrease of dislocation density and substantial enhancement of the growth 
rate along with maintenance of crystal quality could be the influence of the vibra¬ 
tional force on heat and mass transfer at the interface as well as its influence on 
precrystallization phenomena that stimulate the destruction of clusters in the 
liquid at the boundary layer due to insertion of additional energy. 

It was demonstrated [108] that the AVC technique produces an effective distri¬ 
bution coefficient that approaches the equilibrium value. In fact, the growth pro¬ 
cess needs the deviation from equilibrium. Usually, this deviation is realized by a 
temperature gradient or chemical potential gradient at the solid/liquid interface. 
Insertion of vibration gives us the additional force, which makes possible the 
decrease in chemical potential gradient. In this case, the system under vibration 
could be far from equilibrium conditions while the chemical potentials of the 
components in the vapor, melt and crystal can be very close to the equilibrium 
(“nonvibrational”) values. 

The measurements showed [108] that for a “nonvibrating” NaN0 3 crystal 
(Ag) = 0.88, while for the crystal grown at / = 50 Hz and A = 200pm the 
(Ag) = 0.78, which is close to the equilibrium value Ko(Ag) = 0.76. So, by varying 
the vibration parameters one can govern the effective distribution coefficient and, 
practically, control the impurity distribution in the growing crystal. 

This result showing the increase of the average degree of segregation due to 
oscillational impact on the growth interface does not support the conclusions of 
theory [92] that predicting the opposite situation, that is, the shift of the effective 
distribution coefficient toward unity in the presence of growth-rate fluctuations 
(temperature fluctuations) in the melt. The possible reason for this contradiction 
is the versatile effects of low-frequency small-amplitude vibrations on crystal 
growth. In contrast to the temperature fluctuations the vibrations result not only 
in the interface oscillation but also drastically change the temperature distribution 
and decrease the thickness of boundary layers (see below). An additional reason 
for the contradiction could be the fact that theory [92] does not take into account 
the role of latent heat of solidification, which has a huge effect on the oscillation 
velocity and the time constant of heat transfer [110]. 

Numerical modeling of the process discovered other new interesting effects of 
vibration [87, 93, 94]. AVC can vary the value of the temperature gradient at the 
interface that has the critical importance for improvement of growth technologies 
because it allows the kinetics and rate of crystal growth to be varied. In particular, 
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vibration can decrease the thickness of the boundary layer and enhance the gra¬ 
dients of temperature at the interface [87, 93]. It intensifies the heat-mass transfer 
in the growth process and increases the growth rate. On the other hand, the change 
of hydrodynamic situation and temperature conditions near the interface gives the 
possibility to control the shape of crystallization front. The interface can be control¬ 
led very finely from convex to concave one. 

The boundary layers thickness depends on the amplitude, the frequency and, 
also on the Prandtl number of the melt. The calculations indicate that for small 
values of Prandtl number Pr = 0.01 that are typical for semiconductors, the use 
of frequency/ = 50 Hz and amplitude A = 100pm is not suitable due to low vis¬ 
cosity and high thermal conductivity of melts. In this case, the influence of vibra¬ 
tions on the temperature boundary layer thickness is rather weak. This influence 
in melts with small Prandtl numbers will be essential with increasing ampli¬ 
tude and the frequency of vibration (with increase of vibrational Reynolds number 
Re v ). 

The calculations [93] also show that along with an increase of vibration frequency 
of the baffle from /= 10 Hz to /= 100 Hz the intensity of the averaged vibrational 
flow also grows, while its direction could change from clockwise to anticlockwise 
due to exchange of momentum between vortices. This gives us one more tool to 
govern the heat and mass transfer during crystal growth. 


3.5 

AVC-Assisted Floating Zone Method 

Several authors have investigated the use of axial vibration in the floating zone 
method [111-115]. Experimental studies were performed in Refs [111-113]. The 
controlled vibration induces a flow that streams away from the vibrating end wall 
along the zone surface, returning through the bulk [111]. Vibration effectively 
minimizes detrimental thermocapillary convection in a float zone due to the oppo¬ 
site flow direction. In Ref. [116] was found that for a low-viscosity liquid, the 
streaming pattern changes sign when the oscillation is adjusted from one side of 
a resonant peak to the other. This allows for more flexibility in the application of 
the streaming to counteract thermocapillary convection, during crystal growth in 
a float zone. 

The authors of Ref. [112] showed that vibration with frequency/ = 65 Hz and 
amplitude A = 80 pm reduces both the zone length and the temperature fluctua¬ 
tion in NaN0 3 melt as well as making the growth interface flatter compared to the 
nonvibrating growth process. Vibration at 5 kHz with an amplitude of 0.1pm 
during silicon growth under terrestrial conditions [113] also produced an influence 
on the heat transport and on the interface curvature. In the case of eutectic solidi¬ 
fication ofNaN0 3 -Ba(N0 3 ) 2 [111, 117], a flattening of the interface, that is, a reduc¬ 
tion of radial temperature gradients was observed, as well as a change in the 
eutectic microstructure upon application of the vibration. Temperature measure- 
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merits in the zone [111] verify that vibration essentially eliminates radial tempera¬ 
ture gradients ahead of the growth interface. 

The numerical simulation of fluid flow and heat transfer in crystal growth by 
floating zone subjected to axial vibration was performed for the case of silicon 
[114]. In calculations, the vibration amplitude was varied in the range of 3 to 4.5 pm 
and the vibration frequency lay in the interval of 2 to 4.5 kHz. It was shown that 
both under zero gravity and 1-g conditions, in spite of a higher-frequency range 
the vibrations led to a significant suppression of thermocapillary flow near the 
crystal/melt interface and a flattening of the crystallization front. Although the 
vibration of only one of the rods reduces the intensity of the thermocapillary flows 
it could counterbalance it completely. For that, both rods have to be vibrated. 
Numerical simulation of flows and heat and mass transfer in the liquid zone 
subjected to high-frequency synchronous vibrations of the crystal and the feed rod 
was carried out in Ref. [118]. 

In Ref. [115] the ampoule zone melting assisted by vibration with the frequency 
ranging from 0.1 to 100 Hz was considered. As a model system the 2-cm GaAs in 
a quartz ampoule was using for the calculations. Also, for this case it was con¬ 
firmed that the axial vibrations are effective for the control of melt flows and the 
growth interface. 


3.6 

Conclusions 

In conclusion, axial vibrational control is a powerful method to govern the heat 
and mass transfer and growth kinetics during crystallization from liquid phase. 
The introduction of low-frequency (tens to hundreds of Hz) and small-amplitude 
(up to hundreds of pm) axial vibration into a liquid phase allows the growth of 
high-quality crystals with high growth rates, providing control of stoichiometry 
and dopant distribution. An important advantage of the AVC method compared 
to other ways of creation of forced convection is connected with the fact that the 
most significant impact on crystal growth occurs in the vicinity of the solid/liquid 
interface. 

Besides the obvious advantages such as precise control ofheat and mass transfer 
in the melt and creation of the necessary temperature conditions at the interface 
and its shape, the AVC method also suppresses the temperature oscillation at the 
interface, manipulates the impurity insertion and its distribution both radially and 
longitudinally. In contrary to the frequently used magnetic field, the AVC tech¬ 
nique can be applied to nonelectroconducting melts and liquids with high Prandtl 
numbers that is important for the development of the technology of various dielec¬ 
tric materials. 

Using axial vibration it is possible to vary the thickness of boundary layers at 
the solid/liquid interface. This is of principal importance for improvement of 
crystal-growth technologies due to the possibility to use the vibrations to control 
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the temperature gradients at the solid/liquid interface, that is, to control the kinet¬ 
ics and rate of crystal growth. 

The flow formation is governed by variation of the vibrational Reynolds number 
and also by specific parameters like the edge sharpness of the vibrating crystal or 
baffle, and ring gap between the ampoule and the vibrating body (in vertical Bridg¬ 
man), and the penetration depth of the vibrating crystal (in Czochralski configura¬ 
tion). The phenomena of reversing the direction of the vibrational flow is also 
considered and explained. Interaction of vibrational and natural convections as 
well as their interplay with rotation of the crystal and crucible was discussed. 

The AVC technique was adapted for growth of both low melting point and high 
melting point dielectric and semiconductor materials by four important crystal 
growth methods: Czochralski, TSSG, Bridgman and floating zone techniques. 

In general, the AVC method is promising for use not only in crystal growth, but 
in many other liquid-phase technologies: displacement of liquid-phase products 
in chemical reactors; stirring of fluids, suspensions, fabrication of gradient materi¬ 
als, etc. 
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4 

Numerical Analysis of Selected Processes in Directional 
Solidification of Silicon for Photovoltaics 

Koichi Kakimoto 


4.1 

Introduction 

This chapter introduces crystallization process of multicrystalline silicon by using 
a directional solidification method. Numerical analysis that includes convective, 
conductive and radiative heat transfers in the furnace is also introduced. Moreover, 
a model of impurity segregation is included in this chapter. 


4.2 

Directional Solidification Method 

Multicrystalline silicon (MC-Si) is in great demand for photovoltaics to solve the 
current greenhouse gases problem [1], The directional solidification method is one 
of the key methods for large-scale production of MC-Si in highly efficient solar 
cells. The maximum efficiency of the crystalline solar cells was about 18%, while 
the use of commercially available wafers typically results in solar cell efficiency of 
about 16% in industrial solar cell processes. There are many problems that must 
be solved to achieve high conversion efficiency of solar cells. MC-Si has many 
dislocations and grain boundaries that are introduced during the solidification 
and/or cooling process. Moreover, MC-Si crystals are grown in a crucible, which 
degrades the purity of the crystals due to attachment to the crucible wall. Such 
defects and impurities can reduce the conversion efficiency of solar cells. There¬ 
fore, we should control the distributions of dislocations, grain boundaries and 
impurities during the solidification and/or cooling process. In recent studies, 
quasi-single crystal or multicrystalline with large grain size have been grown by 
using modified directional solidification methods [2, 3], 

The directional solidification process has several merits, as follows. Square¬ 
shaped crystalline silicon can be grown by using a square-shaped crucible. When 
round-shaped crystals grown by the Czochralski method are used as raw mate¬ 
rials for square-shaped solar cells, a large amount of waste of silicon materials is 
inevitably produced. Therefore, the unidirectional solidification process has a 
merit concerning the feedstock problem. 

Crystal Growth Technology. Semiconductors and Dielectrics. Edited by P. Capper and P. Rudolph 
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4.3 

Crystallization Process 

Optimization of the crystallization process is a key issue to obtain solar cells with 
high efficiency. Control of crystallization velocity of MC-Si, especially the cooling 
rate, solid/liquid interface shape and impurity distributions, is important for 
obtaining solar cells with high conversion efficiency. The crystallization process is 
complicated since heat- and mass-transfer systems in a furnace is highly nonlinear 
and time dependent. Due to the development of computer technology and com¬ 
putation techniques, numerical simulation has become a powerful tool for opti¬ 
mization of the directional solidification process and crystal-growth process [4-12]. 
Since a furnace for the directional solidification is a nonlinear conjugated thermal 
system, transient simulation with global modeling is an essential tool for improve¬ 
ment of the directional solidification process from melting to cooling processes 
through the solidification process. The global model includes processes of radia¬ 
tive, conductive and convective heat and mass transfer in a furnace. Therefore, we 
can quantitatively estimate the distributions of temperature in a furnace, the veloc¬ 
ity of the melt, and the distributions of impurities. The author has developed a 
transient code with a global model for the directional solidification process. By 
using the code, the author carried out calculations to study distributions of tem¬ 
perature and impurities such as iron, carbon, oxygen, nitrogen and nitride in a 
silicon ingot during the directional solidification process [13-15]. 

The dimensions of a small unidirectional solidification furnace for producing 
MC-Si are shown are Figure 4.1. The grid of the entire furnace for computation 
is shown in the right part of Figure 4.1. In order to establish a discrete system for 
numerical simulation using the finite-difference method, the domains of all com¬ 
ponents in a furnace for the unidirectional solidification are subdivided into a 
number of block regions, for example, as shown in the left part of Figure 4.1, in 
which subdivision resulted in a total of 13 blocks. Each of these blocks is then 
discretized by a structured grid as shown in the right part of Figure 4.1. 

In order to fit to the moving interface as a function of time, the grid cells in the 
melt and solidified ingot are stretched, and the grid points are moved upward as 
well. Two heaters marked by numbers 12 and 13 can be recognized in the furnace. 
The following major assumptions are used in the present model: (i) the geometry 
of the furnace configuration is axisymmetric, (ii) radiative transfer is modeled as 
diffuse-gray surface radiation, (iii) melt flow in the crucible is laminar and incom¬ 
pressible, and (iv) the effect of gas flow in the furnace is negligible. Conductive 
heat transfer in all solid components, radiative heat exchange between all diffusive 
surfaces in the unidirectional solidification furnace, and the Navier-Stokes equa¬ 
tions for the melt flow in the crucible are coupled. Then, they are solved iteratively 
in a transient way. The time histories of heater power, fraction solidified and 
growth velocity during a unidirectional solidification process are shown in Figure 
4.2 [16]. Variation of heater power as a function of time was imposed as a process 
parameter during the growth process. 

The diameter of the inside wall of the crucible and the height of the solidified 
ingot are 100 mm. We carried out a transient global calculation for a fast-cooling 
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1 : Melt 
2: Crystal 
3: Crucible (Si0 2 ) 

4: Crucible (Carbon) 

5-6 : Pedestals 
7-11 : Heat shields 
12-15 : Heaters 

- 0.2 0 0.2 
r{ m) 

Figure 4.1 Configuration and computation grid of a directional solidification furnace [14]. 




Figure 4.2 Heater power, fraction solidified and solidification rate as a function of time 
during solidification process. 


solidification process in which the cooling rate is 0.42 kW/h for the first 1.8h and 
0.084kW/h thereafter. The initial heater power was fixed at 13.9 kW. Duration of the 
solidification process is 8.1 h. The average solidification rate is about 0.21 mm/min. 

The impurity distribution in the silicon melts and solidified silicon ingot was 
solved on the basis of calculated results of the thermal field and melt flow in a 
crucible. Impurity segregation at the solid/liquid interface was also taken into 
account. The solid/liquid interface shape was obtained by a dynamic interface 
tracking method. The global iterative procedure is described in Ref. [16]. 
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Figure 4.3 Flow velocity of the melt and temperature distributions during solidification of 
the ingot. 

The velocity vectors in the melt and temperature distribution in the solidified 
ingot when half of the volume of melt has been solidified are shown in Figure 4.3. 
Two pairs of vortices were formed in the melt. The flow velocity of the melt is of 
the order of several mm/s, which is almost one order of magnitude smaller than 
that of Czochralski crystal growth. The solid/liquid interface is concave to the 
crystal in this case since the diameter of the crucible was smaller than that of a 
commercially used crucible. The present calculation revealed that the temperature 
gradient in the solid, which is 10 K/cm, is about one third to one fourth of the 
values in the Czochralski crystal growth system. The growth rate of the unidirec¬ 
tional solidification process is about one third to one fifth of that of the Czochralski 
growth system. Therefore, we can discuss the distribution of point defects in both 
single crystals and MC-Si based on Voronkov’s theory that is expressed by the ratio 
between growth velocity and temperature gradient in a growing crystal (V/G) [17]. 

The heater power was decreased at a constant rate until 400 min and then kept 
constant until 460 min during the solidification process. Then, a fast cooling rate 
was imposed during the cooling process after the completion of solidification. 
Solidification was started after 100 min from the initial stage of the process, which 
corresponds to the time when the heater power started to be decreased. The growth 
rate was increased during the period of decrease in heater power and it was 
decreased when the heater power was kept constant. The time response of the 
imposed heater power to the growth rate was calculated to be about twenty minutes. 
The fraction solidified was gradually increased and finally became constant. The 
whole process was completed in about six hours. 

The concentration taking into account segregation of impurity was expressed by 
Equation 4.1 at the solid/liquid interface: 
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(4.1) 


where C m , C s , and V g are the impurity concentrations of the melt and solid and 
the growth velocity, respectively. D m and D s show diffusion constants of the impu¬ 
rity in the melt and the crystal, respectively, n is the growth direction (normal to 
the interface) and k is the equilibrium segregation coefficient. 

4.4 

Impurity Incorporation in Crystals 

There are several deleterious impurities in MC-Si, including carbon, oxygen, nitro¬ 
gen and iron that degrade conversion efficiency. Carbon is one of the major 
impurities in silicon feedstock. It will precipitate to form SiC particles in a direc¬ 
tional solidification process when the concentration of carbon exceeds its solubility 
limit in silicon. It has been experimentally proved that the dislocation density is a 
function of carbon concentration in MC-Si [18]. The SiC precipitates can cause 
severe ohmic shunts in solar cells [5] and result in nucleation of new grains in 
MC-Si. Both carbon and SiC precipitates in MC-Si can greatly reduce the conver¬ 
sion efficiency of solar cells. 

We focused on the modeling formation of SiC particles that are precipitated in 
the molten silicon and then incorporated into the solidified ingot [19]. The carbon 
precipitation in the solid is neglected due to the small diffusion constant in a solid 
in this study. Figure 4.4 shows a phase diagram between silicon and carbon in the 
melt. The diagram shows how SiC particle precipitation forms in Si-melt in the 
carbon-rich domain [20], in which the solubility limit of carbon in Si-melt C L (T) is 
approximated by a polynomial function. With the molten silicon being solidified 
and the solidification interface moving upward in the crucible during the solidifica¬ 
tion process, the carbon concentration in the melt increases due to the small 
segregation coefficient of carbon in silicon. 

If the carbon concentration exceeds the local solubility limit in the melt, exces¬ 
sive carbon precipitates and the following chemical reaction occurs: 


Si + C —^ SiC 


(4.2) 


Carbon as a substitutional atom is reduced and the same amount of SiC particles 
is generated in the melt. The formation rate of SiC particles and the destruction 
rate of substitutional carbon are equal and proportional to the supersaturation 
degree of substitutional carbon and the speed of the chemical reaction (4.2): 


Gsic — —Gc — a(C c — C l (T)) when C c > Ci(T) 


(4.3) 

(4.4) 


when C c < C L (T) 


G S ic - —G c — 0 


where C si c and G c are the formation rates of SiC particles and substitutional 
carbon, respectively. The reaction velocity coefficient a is a factor correlating the 
particle formation rate and the chemical reaction rate in (4.2). The value of the 
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Figure 4.4 Schematic of SiC particle precipitation with the Si-C phase diagram in the C-rich domain. 

coefficient was set to 100 cm/s which was defined our group. With these assump¬ 
tions, the governing equations for the concentrations of substitutional carbon and 
SiC particles in the melt can be written as follows: 

dCr 

—- + V- VC c = V- (D c VC c ) + G c for substitutional carbon (4.5) 

dt 

r)Ccv- 

1c + V ■ VC sic = G sic for SiC particles (4.6) 

The zero mass flux condition is applied at the crucible walls and the top of the melt 
for both impurities. The segregation coefficient of carbon in silicon was set to 0.07. 

Figures 4.5a and b show the substitutional carbon and SiC particle distributions, 
respectively, in a cross-section of the solidified ingot. The SiC particles are clustered 
at the center-top region of the ingot, where the concentration of substitutional carbon 
is almost constant. This distribution pattern is due to the solid/liquid interface shape, 
which is concave to the solid side throughout the solidification process. The obtained 
concentration distributions of substitutional carbon and SiC particle along the center 
axis of the solidified ingot are compared in Figure 4.4 with the carbon concentration 
in silicon feedstock ranging from 1.26 x 10 16 atoms/cm 3 (equivalent to O.lppmw) to 
6.30 x 10 17 atoms/cm 3 (equivalent to 5.0ppmw). When C 0 is 1.26 x 10 16 atoms/cm 1 , no 
SiC particles is precipitated in the ingot and there is only a very thin layer at the top 
rich of substitutional carbon. When C 0 increases higher than 1.26 x 10 17 atoms/cm 1 , 
the content of SiC particles increases significantly in magnitude as well as in space 
in the solidified ingot. It is thus necessary to control the carbon concentration in 
silicon feedstock less than 1.26 x 10 17 atoms/cm 1 which is equal to l.Oppmw. 

Removal of heavy metals from the ingot is a key issue to realize solar cells with 
high efficiency. Iron is one of the most important heavy metals. Figure 4.6 shows the 
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Figure 4.5 Substitutional carbon and 
SiC particle distributions in a cross-plane 
of the ingot solidified in a fast-cooling 
process. C 0 = 6.3 x 10 17 atoms/cm 3 . Contour 


lines are plotted in exponential distri¬ 
bution. The unit of concentration is 10 17 
atoms/cm 3 , (a) substitutional carbon; 

(b) SiC particles. 



Level ccT 
31 1.4E+06 

26 2.9E+05 

21 5.8E+04 

16 1.2E+04 

11 2.4E+03 

6 4.9E+02 

1 1.0E+02 


Figure 4.6 The distribution of iron concentration in a solidified silicon ingot. 


distribution of iron concentration in a solidified silicon ingot that had been cooled 
for one hour during the cooling process. Areas with high iron concentration were 
formed at the top of the melt. This is due to the segregation phenomenon of iron, by 
which iron is segregated from the melt to the solid. Therefore, such areas with high 
concentration of iron were formed at the end of solidification. Moreover, areas with 
a high concentration of iron were formed close to the crucible walls. Such areas were 
formed by diffusion, which occurred during and after the solidification process. This 
is based on the small activation energy of iron diffusion in the solid silicon. 
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4.5 

Summary 

The unidirectional solidification method has both merits and demerits. Control¬ 
ling the process is a key issue for achieving a solidification process that can 
produce solar cells with high conversion efficiency. We can neglect the reaction 
of Si 3 N 4 in gas phase since vapor pressure of the gas is small. Numerical modeling 
is important for realizing such a process with optimization. 
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5 

Characterization and Control of Defects in VCz GaAs Crystals 
Grown without B 2 0 3 Encapsulant 

Frank M. Kiessling 


5.1 

Introduction 

Liquid-encapsulated Czochralski (LEC) and vertical gradient freeze (VGF) are 
standard technologies to grow large semiconducting (SC) and semi-insulating (SI) 
GaAs crystals [1, 2], LEC crystals are grown with a liquid B 2 0 3 layer on top of the 
melt surface, which prevents in combination with the inert gas counter-pressure, 
the loss of the volatile component arsenic and can getter impurities from the melt. 
It is used as a chemical communicator between the vapor and liquid phases to 
control the oxygen and carbon potential in the melt. However, boron is the pre¬ 
dominant impurity in the melt, it incorporates in the crystal, and it affects the 
electrical properties of the material [3, 4]. 

Crystals are grown from slightly As-rich melts simply because the congruent 
melting point deviates from the stoichiometric composition towards the As-rich 
side, but this growth also has essential disadvantages. One of the most serious 
consequences is the condensation of arsenic excess atoms in precipitates during 
postsolidification cooling due to retrograde solubility [5]. The presence of such 
second-phase particles is undesired, because it may markedly affect the surface 
polishing process of wafer and also device properties. A drastic reduction in 
density and size of the arsenic precipitates, or better their complete avoidance, is 
sought. Ingot annealing allows the dissolution of these As-precipitates but does 
not change the Ga/As ratio in the solid. 

In principle, the excess of arsenic in the solid can be reduced, if the crystals are 
grown from Ga-rich melts. In order to avoid a continuous change in melt composi¬ 
tion during growth, the melt composition has to be controlled at all growth stages. 
This can be accomplished by an adjustable partial vapor pressure of the volatile 
component, but in LEC growth, the cover layer prevents the direct contact with 
the melt. Growth from uncovered melt with an additional As source in a hot-wall- 
type chamber would be a possibility to control the melt composition in situ. There¬ 
fore, a modified vapor-pressure controlled Czochralski (VCz) growth technique 
without boron oxide encapsulation has been developed in a standard Czochralski 
puller at the Leibniz Institute for Crystal Growth in Berlin (IKZ). Attempts to grow 
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GaAs by the Czochralski technique go back to the 1950s and will be overviewed 
in section 5.2. 

There are some more advantages of growth from uncovered GaAs melts. The 
absence of the B 2 0 3 cover eliminates boron contamination in the crystals. It is 
known that the impact of boron increases as the melt becomes more Ga-rich [6]. 
Furthermore, LEC growth of heavily Si-doped crystals is even worse and quite 
impracticable. Scum is formed on the melt surface that may induce serious growth 
problems like twinning [7]. Simultaneously, boron incorporation increases due to 
a reaction of silicon with boron oxide [8, 9]. Lately, so-called area counts are being 
focused upon, which affect the quality of wafer. These are second-phase particles 
of different origin due to the use of the B 2 0 3 [10]. 

So far, almost all defect studies on GaAs have been performed on boron-con¬ 
taminated material. In order to improve the electrical properties of the material, 
their defect distribution must be controlled during the crystal-growth process 
regarding impurities, dopant concentration and composition. These deviation 
from stoichiometry in the solid are strictly related to the melt compositions. By 
applying the VCz method and removing the cover layer, the melt composition can 
be adjusted during the whole growth process by in situ control of the partial arsenic 
vapor pressure. In order to justify, whether a technological transfer of the VCz 
technique to production might be useful, first at all, the properties of boron- 
reduced VCz GaAs crystals have to be revealed and compared with those grown 
conventionally. 


5.2 

Retrospection 

The attempts to grow GaAs without liquid encapsulant by the Czochralski tech¬ 
nique are not new. Back in the 1950s Gremmelmaier [11] described a hot-wall 
equipment consisting of a gas-tight fused silica container. The inner walls were 
kept sufficiently hot to prevent condensation of arsenic and to maintain a constant 
arsenic partial pressure in order to avoid dissociation from the melt. The seed and 
crucible were moved by a magnetic levitation system without any mechanical 
leads. Steinemann and Zimmerli [12] developed this type of apparatus and grew 
the first undoped dislocation-free GaAs single crystals up to -15 mm in diameter. 
However, the magnetically coupled pulling rod gave unstable movements and was 
difficult to use. Richards [13], Tanenbaum [14], Mullin et al. [15] and, Leung and 
Allred [16] proposed various systems with liquid seals (molten metals, B 2 0 3 ) and 
with mechanical lead-throughs. Since the B 2 0 3 is not in direct contact with the 
melt, the contamination from the boron oxide was limited. In the 1960s, hot-wall- 
type Czochralski technologies to pull GaAs crystals were developed at Texas Instru¬ 
ments Incorporated, offering solutions for gas-tight lead-throughs [17,18]. Moulin 
et al. [19] grew GaAs single crystal up to 25 mm in diameter, also using a fused 
silica ampoule with a rotating liquid B 2 0 3 seal. The main impurity in their crystals 
was silicon at a level of 2ppm. In 1965, Baldwin et al. [20] were the first, who 
described a separately heated As source placed at the container bottom in a hot- 
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wall Czochralski (HWC) chamber. A syringe puller, consisting of a ceramic pull 
rod, has been used and it was reported that the arsenic loss was tolerable. In 1984, 
Tomizawa et al. [21] proposed an advanced HWC apparatus named As-pressure 
controlled Czochralski method. Their 2-inch diameter GaAs crystals were grown 
in a low temperature gradient of 10 K cm -1 inherent to the hot-wall system. The 
mean etch pit density (EPD) was as low as 2 x 10 3 cm~ 2 . The hot-wall chamber was 
still made of fused silica and the unintentionally doped GaAs crystals showed an 
n-type conductivity of 5 x 10 is cm“ 3 due to silicon contamination. Later, Tomizawa 
et al. [22, 23] controlled the melt composition very precisely in situ and obtained 
3-inch diameter semi-insulating GaAs single crystals. Nizhizawa [24] mentioned 
that gallium seems to be the best sealant in respect to the leak-tightness. Not many 
activities on HWC-type growth without B 2 0 3 encapsulation were reported in the 
1990s [25-27]. In the last few years, the uncovered Czochralski growth of GaAs 
crystals was rediscovered on an improved construction level [28]. 


5.3 

Crystal Growth without B 2 0 3 Encapsulant 

Compared to the quasi-hermitically closed HWC system, the semi-open design 
features of the vapor-pressure controlled Czochralski systems used at the IKZ 
enable dynamic control of gas streams. The VCz technique combines an inner 
hot-wall chamber and a standalone heated As source. Figure 5.1 shows the 
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Figure 5.1 Principle sketch of the uncovered VCz GaAs crystal growth method. 
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schematic drawing of the applied growth principle. The main design feature is an 
inner chamber made purposely of graphite to solve the known problem of unin¬ 
tentional silicon contamination from hot walls made of fused silica. The inner 
chamber shields the growing crystal as well as its surrounding hot gas from the 
water-cooled walls of the outer high-pressure vessel. All sites of the inner chamber 
wall are kept at temperatures higher than that of the As source. In order to obtain 
a boron-free environment, solid sealings are used for lead-throughs [29]. Small 
diffusive losses of arsenic are compensated and decomposition of the melt is 
controlled in situ by a separately temperature-controlled arsenic source [30]. Their 
temperature can widely be varied within the range of 540-650°C depending on 
the exact construction and, corresponds to an arsenic pressure between 0.02 and 
0.21 MPa. 

Since the As partial vapor pressure controls the melt composition, this relation 
has to be determined experimentally. The composition can easily be determined 
via separation of the liquid gallium from the residual last-to-freeze crucible charge. 
Mole fractions y = N As /(N Ga + Nas) of the liquid phase Gai_jAs y from y = 0.450 to 
0.500 within an error of ±0.005 could be estimated from volumes, which were at 
least twice as much as that of the grown crystals. 

Global numerical simulations of the temperature and heat distribution were 
applied to optimize the growth process. The thermal shielding and the B 2 0 3 -free 
melt surface provide significantly reduced temperature gradients at the growing 
interface of about 3-5 K cm -1 and 17-23 Kcm -1 in the radial and axial directions, 
respectively [31], which differ markedly from LEC and even VCz designs used with 
B 2 0 3 encapsulation. Morphological instabilities at the solid/liquid interface [32] 
may arise due to growth conditions, which are defined by a relatively low axial 
temperature gradient and an enrichment of Ga in the diffusion boundary layer 
adjacent to the crystallization front. In dependence on the melt composition, the 
crystals have to be pulled at growth velocities of 3-5 mmh -1 to avoid constitutional 
supercooling [33], while the seed and crucible rotate contrariwise at rates of 6 and 
-25 rpm, respectively. The crucible should be moved upwards during growth to 
ensure a fixed position of the melt level with respect to the heater. 

Since the diameter control of VCz GaAs crystals grown from uncovered melts 
is challenging, due again to the system inherent low temperature gradients, the 
growth process has to be optimized carefully [34]. Then, 2- and 3-inch diameter 
GaAs single crystals with nearly constant diameter can be grown. Figure 5.2a 
shows such a twin-free SI GaAs crystal grown from a Ga-rich melt with y ~ 0.46. 
For analyses of striations, that is, of the morphology of the growing interface, a 
longitudinal slice was cut parallel to the growth axis along the <100> direction and 
etched by diluted Sirtl with light. Figure 5.2b illustrates the slightly convex shapes 
of striations with undesired concave parts at the rim, reflecting the difficulties in 
optimizing the thermal growth conditions. Figure 5.2c depicts a twin-free single 
crystal also grown from a Ga-rich melt. The diameter was intentionally changed 
to verify the stability of the growth regime. This experiment disproves the view 
that twin-free crystals cannot be grown from Ga-rich melts [16, 35, 36]. All crystals 
tend to grow with considerably developed facets showing the two-fold symmetry 
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Figure 5.2 Images of: (a) a twin-free GaAs 
single crystal grown in diameter controlled 
mode; (b) striations revealed on a DSL- 
photoetched longitudinal cut sample and; 


(c) a twin-free GaAs single crystal 
grown with intentional diameter changes 
to prove diameter-dependent twinning 
probabilities. 


of the [001] direction in the zincblende structure and a typical mirror-like surface, 
which evidences growth within low radial temperature gradients and in thermo¬ 
dynamic equilibrium. 

Since the SI behavior of GaAs material is caused by compensation of the native 
defect EL2 by residual acceptors, a precondition to grow SI GaAs is the control of 
the shallow acceptor carbon. The carbon incorporation into the melt can mainly 
be attributed to the high CO fugacity in the gas phase. CO gas is released by the 
reaction of residual water with graphite according to C + H 2 0 CO + H 2 and 
due to the Boudouard equilibrium C0 2 + C 2CO. Besides a possible direct 
absorption of carbon species by the uncovered GaAs melt surface, unbounded 
carbon can also be produced by the reactions CO + 2Ga C + Ga 2 0 and 
3CO + 2Ga 3C + Ga 2 0 3 at the liquid/vapor interface. 

The nonconservative VCz setup enables in situ control of the CO fugacity via 
gas-stream adjustments. Without controlling the CO content in the process gas, 
carbon concentrations in the crystal are typically measured as 2-5 x 10 16 cm~ 3 , 
while an in situ adjusted CO partial pressure of 7-70mbar results in carbon con¬ 
centrations of 9 x 10 14 cm -3 to 4 x 10 16 cm -3 , respectively. The carbon content 
measured axially in different crystals was evaluated from local vibrational mode 
(LVM) absorptions at 80 K. Although it was not clear until recently, whether a B 2 0 3 
layer is necessary to control the carbon concentration in the melt, the curves of 
Figure 5.3 demonstrate that the carbon concentration purposely varied can easily 
be adjusted at any stage of the crystal-growth process. 

Low-n-type SC GaAs crystals can be grown using fused silica crucibles and high- 
n-type semiconducting material by the usual Si-doping method. Growing without 
boron oxide, the known reaction of silicon with the encapsulant can be avoided, 
resulting in a low boron impurity content [37]. In order to compare defect pop¬ 
ulations of n-type SC VCz crystals with those published for boron-contaminated 
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Figure 5.3 Carbon concentration in dependence on the axial position. 


Table 5.1 Growth features of SI and SC GaAs crystals 


Material type 

Crucible 

b 2 o 3 

Mole fraction (melt) 

Carbon control 

Silicon doping 

Semi-insulating 

pBN 

No 

0.45-0.50 

Yes 

No 


pBN 

Yes 

-0.50 

Yes 

No 

Semiconducting 

Si0 2 /pBN 

No 

-0.50 

No 

Yes 


pBN 

Yes 

-0.50 

No 

Yes 


as-grown LEC samples, the crystals have only been grown from stoichiometric 
melts. In contrast, semi-insulating GaAs crystals were grown from different melt 
compositions (Table 5.1). To ensure that the conditions (time and temperature) 
for defects to migrate after solidification were comparable, all crystals were cooled 
down at first to 900 K at a rate of 25 K h" 1 and then at 50 Kh _1 to room temperature. 
This temperature regime takes into account results obtained from investigations 
on point defect mobilities. According to Lagowski et al. [38], critical postsolidifica¬ 
tion defect interaction takes place at least above a temperature of about 1050 K, 
while Jurisch and Wenzl [39] discussed a freeze-in temperature of mobile As- 
interstitials of about 1250 K and Frigeri et al. [40] specified a temperature range of 
about 950 to 1350 K for solid-state transitions. 


5.4 

Inclusions, Precipitates and Dislocations 

During postsolidification cooling, the excess arsenic condenses in second-phase 
particles, due to its retrograde solubility in the GaAs matrix, and on dislocations. 
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Figure 5.4 (a) Scatterer intensities from 

precipitates in crystals grown without B 2 0 3 in 
dependence on melt composition Ga^jASy. 
Squared symbol represents a measurement 
on a conventional VCz crystal grown with 
B 2 0 3 ; (b, c) Negative images of laser 


scattering tomographs showing As-decorated 
dislocation structures of two crystals grown 
from melts with (b) y - 0.50 and (c) y - 0.47. 
For all measurements identical LST 
conditions were used. The markers equal 
1 mm. 


Infrared (IR) laser scattering tomography (LST) [41] is used to investigate arsenic 
precipitates [42]. One can see from LST measurements plotted in Figure 5.4a that 
the scatterer intensities from precipitates in GaAs crystals only depend on the 
off-stoichiometry and decrease significantly with increasing Ga fraction in the 
melt. For comparison, the scatterer value of a conventional VCz crystal grown with 
B 2 0 3 encapsulant and with the same thermal history is added. Simultaneously, the 
decoration degree on dislocation drops (Figures 5.4b and c). Surprisingly, this type 
of scatterer could not be ascertained by LST in crystals grown from melts with just 
a mole fraction of y = 0.45. Similar results were published by Fornari et al. [43] on 
Si-doped LEC GaAs crystals grown from Ga-rich melts of y = 0.43. A drastic reduc¬ 
tion in density and size of As precipitates down to 3 x 10 6 cm _3 and 40 nm, respec¬ 
tively, was reported. Usually, the density of precipitates in LEC crystals grown from 
As-rich melts has been determined as 10 8 -10 9 cm~ 3 and their sizes to 50-200 nm 
[5, 40, 44—46]. Obviously, melt compositions Gai_jAs y less than or around a mole 
fraction of y = 0.45 yield near-stoichiometric crystals without essential precipita¬ 
tion, which is in good agreement with the value predicted by Hurle [47]. 

The crystal composition or the deviation from stoichiometry in the solid Ga^As* 
is governed by the solidification conditions at the solid/liquid interface and reflects 
the concentration of native defects, residual impurities and dopants in both sublat¬ 
tices. The deviation from stoichiometry S is correlated to the mole fraction x as 
S = 1 - 2x and is defined as: 
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8 = [Ga As ] +1/2 [G ai ] +1/2[ V As ] + l/2[X As ] - [As Ga ] - l/2[As, ] - l/2[V Ga ] - l/2[X Ga ] 

(5.1) 

with (V, vacancies; I, interstitials, antisites) the native defects and X the extrinsic 
defects in each sublattice (As and Ga). It has to be mentioned that there was a 
long-lasting discussion about the extension and temperature dependence of the 
solid solubility range (see, for example, [48, 49]). This is due to the fact that the 
chemical and physical methods, available to determine 8 in GaAs, are not precise 
enough. The latest thermodynamic calculations confirm experimental results of 
the homogeneity range, which seems to be completely located on the As-rich side 
[50, 51]. To the best of our knowledge no contrary experimental evidences are 
known. This implies that only As-rich, or at least stoichiometric, GaAs material 
exists, when grown from Ga-rich melts of y > 0.45. 

The more Ga excess in the melt the more complicated the growth process 
becomes in the VCz configuration. The growth from such Ga-rich melts drastically 
increases the incorporation probability of Ga-rich inclusions. Their diameters are 
of some hundred micrometers, that is three orders of magnitude larger than that 
of precipitates, and their composition can be identified in a scanning electron 
microscope by energy-dispersive X-ray analysis (EDX). Already Wenzl et al. [48] 
mentioned the appearance of Ga inclusions with diameters of about 200 pm in 
crystals grown by HWC at As source temperatures below 600 °C and pulling rates 
of 8mmh _1 . It has to be noted in this context that it is important to distinguish 
between precipitation and inclusion genesis. Precipitation is due to retrograde 
solubility of point defects, in this case As interstitials, while inclusions are origi¬ 
nated by melt-solution droplet capture at the growing solid/liquid interface, for 
example, in case of a Ga-enriched diffusion boundary layer adjacent to the crystal¬ 
lization front. Such inclusion incorporation should be avoided. When they are 
incorporated in the crystal, due to an overcritical v/G ratio at the crystallization 
front, where v is the growth velocity (different from the pulling velocity) and G is 
the temperature gradient at the liquid interface, they follow the propagating inter¬ 
face, that is, they move towards higher temperature by the traveling-solvent mecha¬ 
nism [52]. In general, growth in low-temperature gradients leads to morphological 
instabilities [33] but growth velocities less than the critical one allow inclusion-free 
GaAs material to be obtained. Since the growth rate is diffusion limited, the char¬ 
acteristics of the diffusion boundary layer can be changed to improve growth 
conditions, for example, by reducing the layer thickness. Nonsteady magnetic 
fields [53, 54] can be applied to stabilize the growth process, to improve crystal 
quality and to increase yield. The application of traveling magnetic fields in the 
VCz setup will be discussed in section 5.8. 

Besides fewer As precipitates, the crystals tend to show lower dislocation densi¬ 
ties. Using molten KOH etching, an improved radial homogeneity of its distribu¬ 
tion due to the absence of boron oxide encapsulation is found. The etch pit density 
distribution is typical for all crystals grown and cooled in low-temperature gradi¬ 
ents (VCz [28] and HWC [22, 25]). Also, the effects of melt composition and, hence 
of crystal composition, on dislocation density have been well known for a long 
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time. In the mid-1960s, Brice and King [55] grew horizontal Bridgman GaAs 
crystals under different arsenic pressure and also from melts with an excess of 
gallium. They reported that the EPD decreases with decreasing deviation from 
stoichiometry in agreement with results obtained on boron-reduced VCz GaAs 
crystals nowadays. The dislocation structure of VCz GaAs crystals shows typical 
cellular patterning, which can already be dissolved in crystals grown from a Ga- 
rich melt of y ~ 0.45. A lower concentration of intrinsic point defects reduces 
dislocation climbing, resulting in a decreasing mean EPD with increasing Ga 
fraction of the melt down to ~5 x 10 3 cm -2 [56, 57]. Comparing EPDs from sample 
to sample, one has to keep in mind that the free-carrier concentrations have to be 
similar, since the dislocation density is affected by the Fermi energy [58]. 


5.5 

Residual Impurities and Special Defect Studies 

The VCz GaAs crystals have been grown from presynthesised high-purity material 
[59] commercially available. The most important, but also expected effect is the 
strong reduction of the boron and oxygen concentration in the GaAs crystals. The 
boron content measured by electron probe microanalysis in undoped VCz GaAs 
is reduced by at least one order and in highly Si-doped VCz GaAs by more than 
two orders of magnitude compared to the concentration in crystals grown with 
B 2 0 3 encapsulation [31, 32]. Independently, whether B 2 0 3 is applied or not, the 
residual levels of metals are <3 x 10 14 cm -3 , while the concentration of zinc is less 
than 10 15 cm~ 3 . In all crystals grown without B 2 0 3 encapsulant, neither other 
evident impurity concentrations of residual electrically active defects have been 
found, nor could oxygen defects and related complexes be detected by LVM analy¬ 
sis. In all these samples, H-related complexes can be ascertained, even though 
their content is smaller by a factor of 10 to 100 compared to crystals grown with 
encapsulation. It has to be pointed out that all contamination sources have to be 
eliminated prior to growth of GaAs crystal from uncovered melts, like sulfur, 
which might be released from the inner graphite assemblies. 

A prerequisite to study the electrical and optical material properties is the reduc¬ 
tion of the residual impurity concentration. Generally, the properties of GaAs 
crystals reviewed, for example, in [60] have been obtained from boron-contami¬ 
nated material. By contrast, only very few studies could be done on boron-reduced 
GaAs, even though the role of boron and its interaction with intrinsic and extrinsic 
point defects depending on melt composition and doping has always been of inter¬ 
est [6, 61-64]. The boron-dependent properties of SI and SC GaAs crystals grown 
without B 2 0 3 encapsulant are reported in the following sections, while for the sake 
of completeness some fundamental studies should briefly be mentioned. Funda¬ 
mental studies on the nature of vacancies in p-type GaAs [37, 65-67] are still under 
discussion, while for example, the identification of the Z-H complex as (N-H-V Ga ) 
[68] is revealed. Since it was experimentally impossible to distinguish whether the 
origin of Z was oxygen or nitrogen, B 2 Q 3 -free growth was required to tackle this 
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problem. An increased pressure of nitrogen in a LEC setup would increase the 
nitrogen concentration in the melt and unfortunately the oxygen concentration 
also released from the B 2 0 3 . However, the growth from uncovered melts offers 
some limitations for fundamental studies too, for example, the investigation of 
oxygen-related defects like EL3 [69]. 


5.6 

Electrical and Optical Properties in SI GaAs 

Semi-insulating bulk GaAs is today obtained from a near-stoichiometric melt by 
the balance in concentrations of the carbon acceptor and the deep level defect EL2 
(As Ga ), as long as the residual impurity concentration is kept low. The character¬ 
istics of the intrinsic point defect As Ga under the influence of electrically active 
dopants is still under investigation [40, 70, 71]. Growing SI GaAs from Ga-rich 
melts with controlled carbon concentration would be of high interest to reduce 
the concentration of the omnipresent As precipitates. However, when changing 
the melt composition from stoichiometric to Ga-rich, it was found that the con¬ 
ductivity type in LEC GaAs changed from SI to p-type at a critical melt composition 
caused by an additionally formed double acceptor and a reduction in concentration 
of the EL2 defect [47, 72, 73]. From the data in Figure 5.5, one can see that the 
concentration of the midgap donor EL2 decreases very gradually with increasing 
Ga fraction in the melt. In contrast to the results published by Holmes et al. [72], 
not only the EL2° concentration was ascertained by near-IR absorption analysis, 
but also the EL2 + concentration using deep-level transient spectroscopy (DLTS). 
The latter depends on the net concentration of shallow acceptors. Since the addi¬ 
tionally formed acceptor concentration observed only in boron-contaminated GaAs 
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Figure 5.5 Dependence of the EL2 concentration on melt composition. LEC data are taken from [73], 
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crystals increases with decreasing mole fraction of the melt, the EL2 gets fully 
ionized at a critical melt composition and charge state transitions alter the detect¬ 
able concentration of EL2°. 

The double acceptor responsible for this state transition has energy levels at 
78meV and at 203 meV above the valence band and as already mentioned, its con¬ 
centration increases with increasing Ga fraction of the melt. The corresponding 
luminescence bands at 1.316eV and at 1.441 eV have controversially been attrib¬ 
uted either to the Ga antisite (Ga As ) [74—77] or to boron on an As lattice site (Baj) 
[78-81]. Since boron is present in LEC and VGF growth, a conclusive assignment 
was impossible. Kiessling et al. [82] investigated the properties of crystals grown 
from Ga-rich melts with and without boron oxide encapsulation. In all cathodolu- 
minescence (CL) spectra of their samples (Figure 5.6) grown without B 2 0 3 , neither 
the luminescence at 1.316eV nor at 1.441 eV were found, which would indicate the 
presence of Ga antisites, nor could any other optical transitions towards longer 
wavelength be detected. In order to get conclusive data, the intensities of the “B^, 
LVM at 601 cm -1 and of the n B Ga LVM at 517.3 cm -1 at 7 K, respectively, were meas¬ 
ured. A significant concentration of B^ 2- and B Ga could be detected in the corre¬ 
sponding boron-contaminated sample, while boron-reduced samples do not show 
these intensities at all. Thus, the double acceptor is rather B As -related than caused 
by Ga As , which has dramatic consequences on the material properties. 

The electrical properties were obtained from Hall effect and conductivity meas¬ 
urements at room temperature. Figure 5.7 shows the resistivity and carrier mobil¬ 
ity of as-grown SI VCz GaAs grown without boron oxide encapsulation in the 
carbon-controlled growth regime in dependence on the melt composition, dem¬ 
onstrating that SI GaAs can even be grown from Ga-rich melts with a mole fraction 
of y ~ 0.46. The resistivities are similar to those obtained from measurement on 
as-grown LEC GaAs material [83]. For comparison, typical electrical values from 
as-grown SI VCz samples grown with B 2 0 3 from near-stoichiometric melts [84] at 
the IKZ are added. Their variations in resistivity and electron mobility are caused 
by different carbon concentrations [2]. The type of conductivity changes in the LEC 
samples from n-type to p-type at about y - 0.47, while that of the boron-reduced 
GaAs crystals does not. Simultaneously, the electron mobility decreases with 
increasing Ga content in the melt from about 6500 cm 2 /V s at a mole fraction of 
y — 0.50 to ~300cm 2 /V s at y ~ 0.47, likely caused by an increasing concentration 
of the shallow acceptor B As . In contrast, the electron mobility of the boron-reduced 
GaAs samples increases with decreasing mole fraction of the melt, which indicates 
a reduced number of scattering centers. 

In semi-insulating GaAs crystals, scattering at residual ionized impurities domi¬ 
nates at elevated temperatures. Neutral impurities, like B Ga , do not act as strong 
scattering centers and thus will have less influence on the mobility. Phonon scat¬ 
tering competing with ionized impurity scattering should not depend on the 
residual doping of the sample. Thus, comparing boron-contaminated GaAs mate¬ 
rial with the boron-reduced one, the main difference consists in the boron con¬ 
tamination, where a part is B As acting as charged scatterer. The mobility /u is 
inversely proportional to the concentration of ionized impurities according to 
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Figure 5.6 CL intensities measured at 
15 keV, 1 nA, 7K of the 1.316/1.441 eV 
B As -related luminescences in undoped CaAs 
crystals grown from various Ga-rich melts. 


The luminescence bands at 1.493eV reflect 
different carbon concentrations in samples 
(a) grown with B 2 0 3 and (b) grown without 

b 2 o 3 . 


n ~ 1/riiZ 2 (5.2) 

with n { the concentration of the ionized impurities and Z the charge state [85]. 
Although this explains the decrease in mobility in boron-containing material, it 
does not explain the increasing mobilities in boron-free samples. However, the 
dependence on the mole fraction of the melt suggests a reduced concentration of 
native defects, for example, EL2 (see Figure 5.5), which act as additional scattering 
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mole fraction y (melt) 

Figure 5.7 Resistivity and carrier mobility in dependence on melt composition of as-grown 
boron-reduced SI VCz CaAs samples compared to undoped as-grown LEC and VCz material 
grown with B 2 0 3 . Filled triangles indicate p-type conductivity of LEC material. 


centers [86]. Since the absorption coefficient a is also dependent on the mobility 
according to 

a ~n.iX 2 /n(X)iu (5.3) 

with n(A) the wavelength, A, -dependent refractive index, reduced near band edge 
absorption can be expected. The curves of Figure 5.8 show that the absorption 
coefficient of boron-reduced VCz GaAs crystals grown from Ga-rich melts is much 
lower compared to boron-contaminated standard VCz samples grown from a 
slightly As-rich melt with B 2 0 3 . The near-infrared optical absorption measure¬ 
ments were performed on SI GaAs with sample thicknesses of 5 mm in the photon 
energy interval of 0.6-1.5 eV. The measurement temperature was chosen as 300 K 
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Figure 5.8 Wavelength-dependent absorption coefficient of as-grown VCz material grown with 
B 2 0 3 compared to those of as-grown boron-reduced VCz GaAs samples. 


in order to demonstrate device operating properties like for example, for IR immer¬ 
sion optics at the particular Nd:YAG laser wavelength of 1064nm. At this wave¬ 
length EL2° dominates the absorption [87]. Depending on melt composition and 
carbon concentration, the concentration of the EL2 in the neutral state typically 
determined in boron-reduced SI VCz GaAs material ranges from 2-9 x 10 15 cm -3 . 
Absorption coefficients as low as a = 0.26 cm -1 at 1064 nm [88] have been ascer¬ 
tained in semi-insulating and low carbon doped p-type VCz GaAs crystals grown 
from Ga-rich melts with 46 at% As and EL2° concentration of 2 x 10 15 cm -3 and can 
probably be lowered by postgrowth heat treatments. Recently, the new material 
quality was also demonstrated on such a p-type as-grown GaAs sample with a 
carrier concentration of 5.4 x 10 n cm -3 and with an absorption value of only 
1.4% cm -1 at a wavelength of 2.25 pm [89] showing no dependence inside the 
crystal on the pump power up to 250mW. 

In summary of this section one has to assess that in contrast to previous assump¬ 
tions, semi-insulating material can be obtained from Ga-rich melts of mole frac¬ 
tions y < 0.475 with negligible charged B As scatterers when grown in a boron-free 
environment. More typical characteristics of these crystals are: 

a) fewer arsenic precipitates; 

b) no B 2 0 3 - or bubble-related area counts; 

c) low dislocation densities; 

d) reduced EL2 concentration; 

compared to LEC, VGF or VCz GaAs crystals grown from slightly As-rich melts 
under boron oxide encapsulation. The reduced dislocation density might also 
result in improved EL2 uniformity [90]. Incidentally, due to the growth technique 
the concentration of oxygen-related defects like for example, EL3 cannot increase 
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with decreasing As fraction of the melt as normally observed under B 2 0 3 -covered 
melt growth conditions. 


5.7 

Boron in SC GaAs 

When semi-conducting GaAs crystals are grown from Si-doped melts covered by 
B 2 0 3 , silicon reacts chemically with the encapsulant, resulting in significant higher 
boron incorporation in the crystal. The boron and silicon on As lattice sites (B As , 
Si As ) act as acceptors and the silicon on Ga lattice sites (Si Ga ) as donor. Isolated 
vacancies form (donor-V Ga ) complexes due to Coulomb interaction and their con¬ 
centration relates to the intensity of luminescence bands at 0.95 eV and 1.15 eV. 
Our latest studies show that in contradiction to the results published so far [91-95], 
the 0.95 eV band has to be assigned to the (V Ga Si Ga ) 2- and the 1.15 eV transition to 
the (Si Ga V Ga Si Ga )“ complex. Detailed arguments will be published elsewhere [96]. 

Studies of the influence of boron on vacancy concentrations show that boron 
decreases the concentration of Ga vacancies (V Ga ) [6, 67], while their total density 
increases with Si doping, both illustrated in Figure 5.9. The densities of negatively 
charged vacancies can be obtained from positron annihilation lifetime spectros¬ 
copy (PALS) measurements [99], while electrical properties can be deduced from 
Hall effect measurements at room temperature. The V Ga concentration in boron- 
reduced and highly boron-contaminated SC GaAs samples increases with increas¬ 
ing electron concentration, that is, Si doping. The V Ga concentration in the former 
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Figure 5.9 Vacancy concentrations obtained compared to boron-reduced VCz GaAs:Si 
from PALS at 300K are plotted in depend- material. LEC and VGF data are taken from 

ence on the carrier concentration in highly [97] and [98], respectively, 

boron-contaminated Si-doped GaAs samples 
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Figure 5.10 CL spectra (20keV, lOnA) of Si-doped boron-contaminated VGF GaAs samples 
(y - 0.50, with B 2 0 3 ) of different doping levels. Measured carrier concentration: 

(a) 2.0 X 10 17 crrf 3 , (b) 4.1 X 10 17 crrT 3 , (c) 8.6 X 10 ,7 cnT 3 and (d) 1.35 X 10 18 cm' 3 . 


is always higher by a factor of about 3 at similar electron concentrations and com¬ 
pensates for the missing B^ 2- . This can be explained by the fact that V G I has the 
lowest formation energy of all native defects in Si-doped GaAs, when the Fermi 
level is close to the conduction band [100]. 

Semiconducting VCz GaAs crystals grown at IKZ have drastic lower boron 
concentrations, which results in the formation of additional autocompensating 
(donor-Vca) complexes. Figures 5.10 and 5.11 show CL spectra of a series ofhighly 
boron-contaminated Si-doped VGF GaAs and boron-reduced VCz samples, respec¬ 
tively, all grown from near-stoichiometric melts (y ~ 0.50). The CL spectra were 
obtained from measurements performed at 7K [82]. In both figures, two domi¬ 
nant bands at 0.95 eV and 1.15 eV are present attributed to autocompensating 
(donor-V Ga ) complexes. The band at 0.95 eV decreases with increasing Si doping, 
while the band at 1.15 eV increases. Beyond an electron concentration of about 
1 x 10 18 cm -3 the former vanishes completely. In Figure 5.11, the boron-related 
transition at 1.316eV (see Figure 5.6) cannot be detected, reflecting again the low 
boron concentration in boron-reduced VCz GaAs crystals. In contrast, both transi¬ 
tions (1.316eV/1.441eV) clearly arise in the VGF samples (Figure 5.10), which 
proves that boron is incorporated on an As substitutional site in Si-doped GaAs, 
even though the crystals were grown from stoichiometric melts. This indicates 
that B As has a comparatively low formation energy and seems to be an efficient 
compensating defect in n-doped material, when the Fermi level moves toward the 
conduction band [101]. As the donor concentration increases, the 1.441 eV transi¬ 
tion can no longer be resolved. Besides the increasing Si Ga donor concentration, 
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Figure 5.11 CL spectra (20keV, lOnA) ofVCzGaAs:Si samples (y ~ 0.50, without B 2 0 3 ) 
with different Si concentrations. Measured carrier concentration: (a) 9 X 10 ,6 crrT 3 ; 

(b) 5.9 x 10 17 cn-T 3 ; (c) 2.48 X 10 18 crrT 3 ; and (d) 3.73 X 10 18 crrT 3 . 


the broadening of the band edge luminescence could also be ascribed to an 
increasing concentration of the compensating SiL, acceptor at 1.485 eV [102, 103]. 

In n-type GaAs the mobility decreases with increasing Si doping. Even though 
a significant difference in samples with low and high boron contamination cannot 
be observed, a tendency of higher mobilities in boron-reduced GaAs crystals may 
be inferred [82]. These slightly higher mobilities could be a result of the reduced 
boron, which is a highly efficient scattering center in boron-compensated GaAs, 
according to Walukiewicz et al. [104]. 

In conclusion, the main difference of VCz grown GaAs without boron oxide 
encapsulation to commercially available SC GaAs crystals is the different defect 
distribution, which finally does not change the properties significantly. 


5.8 

Outlook on TMF-VCz 

The application of magnetic fields in melt growth processes offers the possibility 
to control melt convection. It is expected that this affects the solid/liquid inter¬ 
face, temperature fluctuations of the melt and the incorporation of dopants and 
impurities in the crystal. Therefore, a (traveling magnetic field) TMF-VCz growth 
technology without boron oxide encapsulant has been developed for a Czochralski 
puller LPA Mark 3 at the IKZ, especially in order to improve growth stability at 
the Ga-enriched interface during growth of near-stoichiometric GaAs crystals 
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Figure 5.12 (a) drawing of TMF-VCz design with internal magnet-heater; (b) image of the 

used magnet-heater in the LPA Mark 3 at IKZ. 


from Ga-rich melts. Within the framework of the KRISTMAG project [53, 105, 
106] an inner magnet-heater for coupled generation of temperature- and time- 
dependent magnetic fields has been developed. The magnet-heater and special 
duplex feedthroughs replace the conventional used equipment (Figures 5.12a and 
b). At the same time, as the temperature is controlled as usual, the characteristics 
of the magnetic field can be adjusted via frequency/ phase shift (p of the alternat¬ 
ing current (AC) and by changing the amplitude via the AC/DC (D-direct) ratio. 
More details are described in the chapter of Rudolph et al. [54] of this book. 

Visual observations of floating particles placed on top of the melt are an excellent 
way to prove whether the magnetic field has an impact on the melt flow. Since the 
boron oxide encapsulation layer is omitted, an unrestricted flow of the melt surface 
can be visualized. In contrast to the conventional mode without magnetic field, 
controllable melt flow patterns as functions of the magnetic field parameters are 
obtained and show that the melt flow can be directed toward the crucible wall 
against the Marangoni convection-driven forces. By just changing the direction 
of the TMF, the melt flow direction can be reversed. Even vortex flows can be 
obtained, when the Lorentz forces are increased [107]. Numerical calculations of 
the Lorentz force density distribution show that the buoyancy-driven convection 
with maximum forces of about 300 Nm' 1 in the TMF-VCz configuration can be 
completely suppressed. With such a traveling magnetic field an additional power¬ 
ful parameter field to control melt flow directions and velocities is established. 

Kimura et al. using (steady magnetic) M-LEC [108] investigated material proper¬ 
ties in dependence on pulling rate under the influence of magnetic fields and 
proposed that high speed pulling followed by ingot annealing might be a good 
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Figure 5.13 Images of: (a) as-grown GaAs 
crystal pulled from Ga-rich melt by the 
TMF-VCz method without boron oxide 
encapsulant (f = 400Hz, <p = 110°); 

(b) typical striations fluctuating in amplitude 


and interspaces in a VCz crystal grown 
without traveling magnetic field; (c) reduced 
striation intensities and uniform distances of 
about 20 ± 2pm revealed on a longitudinal 
cut of a TMF-VCz crystal. 


production technology. Our TMF-VCz growth experiments showed that the 
traveling magnetic field has a strong influence on the growth conditions. In order 
to verify the influence of TMFs, global numerical simulations of the temperature 
field [109] in the melt and striation analysis on longitudinal {100} cuts of GaAs 
crystals have been performed (Figure 5.13a [110]). Significant differences between 
crystals grown without (Figure 5.13b) and under the induced forces of different 
traveling magnetic fields are found. Markedly reduced striation amplitudes and 
uniform interspaces were observed (Figure 5.13c). Independent of the applied 
TMF typical striation interspaces of about 20 ± 2 pm can be found in the cylindrical 
parts of the crystals. Thermal striations in interspaces of ~3 pm caused by rotation 
in an asymmetric thermal field could not been revealed. An enhanced temperature 
stability at the solid/liquid interface, which reduces growth-rate variations, seems 
to cause this improved uniformity [111-113]. And indeed in accordance with our 
calculations, Nakajima et al. [114] reported negligibly small temperature fluctua¬ 
tions in the melt under the influence of magnetic fields compared with those 
obtained during conventional LEC growth due to thermal convection. 

Mean dislocation densities of 1 x 10 4 cm~ 2 of enhanced uniformity were deduced 
on as-grown TMF-VCz GaAs wafer. The first results on the homogeneity of elec¬ 
trical and optical properties indicate that the traveling magnetic field seems to 
influence defect distributions, but not that dramatically, as reported by Terashima 
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et al. [115-117]. Their GaAs crystals have been grown in a vertical magnetic field 
applied LEC apparatus (a superconducting magnetic field generator was placed 
outside a high-pressure puller). The effects of magnetic fields on residual impurity 
concentrations in the crystal were reported, which might be mainly caused by the 
boron oxide layer. The carbon and boron concentration changed depending on the 
applied magnetic field strength. 

In contrast to their M-LEC technique, B 2 0 3 -related impurity problems cannot 
occur in the newly developed TMF-VCz growth. Systematic studies on TMF-VCz 
growth have to be done in order to optimize the process, to investigate and control 
the material properties. Several results on mostly process-related numerical simu¬ 
lations have already been published [118-122]. Currently, TMF-VCz GaAs crystal 
growth from Ga-rich melts seems to be a promising technology. 


5.9 

Conclusions 

A new quality of semi-insulating GaAs material is obtained, when the crystals are 
grown from Ga-rich melts y < 0.475 by the VCz or TMF-VCz method without 
boron oxide encapsulation. Melt composition and carbon concentration can be 
controlled in situ in order to grow GaAs crystals with well-defined electrical and 
optical material properties. All crystals solidified in As-rich composition in accord¬ 
ance with the latest calculations of the solid solubility range. The conductivity type 
changes from SI to p-type at a critical melt composition attributed to an addition¬ 
ally formed double acceptor are not found, because the responsible acceptors are 
B^-related rather than caused by Ga antisites. The very low near-band edge absorp¬ 
tion coefficient in SI GaAs crystals strongly depends on the gradually decreasing 
EL2 concentration with increasing Ga fraction in the melt, its ionization degree 
and the markedly reduced boron concentration. The significantly reduced As 
precipitate concentration is yet another key benefit of these as-grown SI GaAs 
crystals grown from uncovered Ga-rich melts. 

Studies on semi-conducting GaAs crystals clearly demonstrate the influence of 
boron on intrinsic point defects. The V Ga concentration is inversely proportional 
to the B As concentration and about 3 times higher in boron-reduced GaAs crystals 
than in similar standard crystals. The intensities of optical transitions at 0.95 eV 
and at -1.15 eV are assigned to the (V Ga Si Ga ) 2- and to the (Si Ga V Ga Si Ga )“ complex, 
respectively. The band at 0.95 eV decreases with increasing Si doping, while the 
band at 1.15 eV increases. All these features do not change the semiconducting 
material properties significantly. From recent results, a transfer of the rather 
complicated VCz technique to production does not seem to offer advantages. 

Experiments have shown that a traveling magnetic field influences the melt 
flows tremendously, even in low aspect ratio configurations, and can be addition¬ 
ally used to control the growth process and hopefully, to homogenize defect dis¬ 
tributions. Striation patterns revealed on TMF-VCz GaAs crystals already showed 
an improved homogeneity in striation intensities and interspaces. 
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Even though twin- and inclusion-free SI GaAs crystals can successfully be grown 
from Ga-rich melts in boron-free environment, pulling them with growth veloci¬ 
ties less than the critical one, the VCz growth technique is still sophisticated in 
respect to the whole process control. The relatively high complexity of the equip¬ 
ment and low pulling rates, responsible for longer process times, offer just a 
transfer of the VCz or TMF-VCz technology of SI GaAs crystals for special applica¬ 
tions to limited-lot production. 
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The Growth of Semiconductor Crystals (Ge, GaAs) by the 
Combined Heater Magnet Technology 

Peter Rudolph, Matthias Czupalla, Christiane Frank-Rotsch, Frank-Michael Kiesslirig and 
Bernd Lux 


6.1 

Introduction 

Gallium arsenide (GaAs) with a melting point of 1238 °C is the leading semiconduc¬ 
tor material for optoelectronics and high-frequency microelectronics. It is also 
used in radiation detectors and solar cells ofhigh photovoltaic efficiency [1, 2]. Since 
the 1990s the industrial crystal growth capacity was increased markedly. During 
the last five years the production scale of GaAs wafers has been nearly doubled. 
As a result, the price of 4-inch wafers fell below $1, being about three orders of 
magnitude cheaper than InP substrates of the same diameter. This was first of 
all due to the efficient improvements of the crystal growth and wafer handling 
technologies. Today, two methods have been established for mass production, 
(i) the liquid encapsulated Czochralski (LEC) method for semiconducting (mostly 
Si-doped) optoelectronic material; and (ii) the vertical Bridgman (VB) or vertical 
gradient freeze (VGF) technique for semi-insulating (SI) wafers as the basis of 
high-frequency devices. Up to 6-inch crystals are produced by both LEC and VGF. 
Also, the growth of 8-inch diameter has already been tested successfully [3]. 

To increase the future crystal output per growth run, as the essential step 
towards further price reduction, both diameter and length enlargement and, con¬ 
sequently, an increase of the melt volume is required. This, however, proves to be 
the most problematic challenge because of the increasing intensity of buoyancy- 
driven convection leading to turbulent flows with violent nonstationary perturba¬ 
tions. They disturb the single-crystalline growth and give rise to compositional 
inhomogeneities. The use of stabilizing high crucible rotation rates fails when 
growing from very large melt masses. Therefore, the induction of a magnetic field 
into the melt proves to be the most promising measure to damp the convections 
and to control the interface shape. In particular, nonsteady fields became very 
popular because, in this case, the needed strength of the magnetic induction is 
much lower than for steady fields. In the present chapter, the first results of the 
LEC growth of GaAs crystals under traveling magnetic field (TMF) generated in a 
heater-magnet module (HMM) are summarized. 
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Germanium (Ge) is a popular model substance for crystal-growth studies from 
the melt due to its low melting point (937.4°C) and resistance against oxygen. As 
is well known, Ge crystals are also of increasing appliance in high-resolution y-ray 
spectroscopy, temperature sensors, and radiation detectors. Recently, the increas¬ 
ing interest in low-resistivity single-crystalline germanium for triple-junction solar 
cell production has been reported [4]. 

Ge was the first semiconductor grown by the Czochralski method [5] and is now 
a well-matured industrial technique for this material. However, during the last 
decade also VB and VGF have become of increasing interest [6-8] due to the 
reduced complexity, high diameter uniformity and lower power consumption. 
However, there are still three cardinal problems, (i) the concavity of the melt/solid 
interface due to the lower thermal conductivity compared to that of the melt; (ii) 
the contact situation at the container wall; and (iii) the increase in convection- 
driven thermal instabilities with increasing melt height. To master these objectives 
a slightly convex interface morphology and very high temperature stability, both 
being maintained constant during the entire growth process, prove to be most 
suitable measures. Even the application of TMF can help to achieve this aim very 
effectively. The results of Ge VGF growth within a combined inner HMM placed 
closely around the growth container demonstrate that such a technology is favored 
from the technical as well as economical point of view. Nearly flat and slightly 
convex interfaces leading to homogeneous parameter distributions can be achieved. 

The combined heater-magnet technology was developed within the framework 
of the KRISTMAG project [9]. Amplitude, frequency and phase shift of the three- 
phase alternating current (AC) are all adjustable and combined with a DC compo¬ 
nent to control the dynamics of the crystallization process effectively. The induced 
TMF and its effect on the melt convection in LEC and VGF systems was ana¬ 
lyzed by global 2.5 and 3D modeling with codes CrysMAS [10], NAVIER, WIAS- 
HiTNIHS [11] and CFX [12]. The induced Lorentz force density was measured by 
the weight responses of a dummy made of stainless steel when the traveling 
magnetic field of given amplitude, frequency and phase shift was switched on. A 
good agreement with the numerical calculations has been observed. 


6.2 

Selected Fundamentals 

6 . 2.1 

Convection-Driven Forces 

When the heat flux in melt-growth systems is directed against or angular to the 
gravity vector, a thermally instable liquid phase is presented. This is typical in the 
case of Czochralski crucible when heated from below or from the side. It appears 
also in vertical gradient freeze containers due to the radial temperature differences. 
As a result, buoyancy-driven laminar or even turbulent convections appear that 
are responsible for harmful temperature fluctuations affecting the crystal-growth 
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stability and compositional homogeneity. Additionally, the melt convection vorti¬ 
ces may cause undesirable deformations of the melt/solid interface shape leading 
to enhanced dislocation density. 

The intensity of buoyancy convection can be estimated via the force density [13] 

F B = p/5gAT (6.1) 

with p the melt density, /3 the volume expansion coefficient, g the gravitational 
acceleration (= 9.81ms -2 ), and AT the characteristic temperature difference. For 
instance, in a GaAs melt with p = 5200kgm -3 and = 1.8 x 10 -4 K -1 the value F B 
amounts to -460Nm -3 when the characteristic AT is 50 K. In a Ge melt under 
identical conditions F B becomes about 300 N m -3 (p = 5510 kg m -3 , j}= 1.11 x 10 -4 K -1 ). 
Note, the F B values represent the reference for external forces to counteract such 
buoyancy-driven flux. 

At first, the rotation of the melt crucible, such as in LEC method, proves to be 
an effective measure for temperature homogenization that stabilizes the heat and 
mass fluxes against undesirable temperature perturbations. In fact, the convective 
meridional flows can be suppressed by the rotational force density [13] 

F mt = pco 2 r (6.2) 

with co = u TOt 2k (u rot , rotation rate) the crucible angular frequency and rthe radius. 
When comparing F rot with the convection force density F B in Equation 6.1 to be 
counteracted, crucible rotation rates w rot above lOrpm are already effective for 
GaAs melt when ris taken to be 0.075m (6-inch crucible). However, the situation 
is markedly more complicated when larger temperature differences are present, 
as is typical for higher melts. 

A stability analysis of the interplay between rotation rate and convection force 
in various melts was carried out by Rossby [14]. Comparing the thermal Rayleigh 
number 

Ra T = g/3AT?t 3 ( vk - ) -1 (6.3) 

with h, melt height, v, kinematic viscosity, k, thermal diffusivity (= Ac -1 p -1 , X, heat 
conductivity, c p , specific heat capacity) with the forced rotation-related Taylor 
number 

Ta = 4® 2 h 4 (v) -2 (6.4) 

one obtains material-independent boundary criteria between regions of stationary 
laminar, oscillating and nonstationary (turbulent) convection (Figure 6.1). As can 
be seen, the higher the melt column h the larger the crucible angular frequency 
(o should be selected to depress turbulent flows. In dependency on the material 
parameters such as thermal diffusivity and kinematic viscosity the stabilizing rota¬ 
tion rates can differ markedly. Whereas in the case of a silicon melt with heights 
in the range of 50-100mm still practicable crucible rotations of u rot - lOrpm can 
be used, the situation for GaAs proves to be much more critical. For example, at 
temperature difference of 10 K in melts of height h = 10 cm stabilizing rotation 
rates markedly larger than 20rpm would be necessary (see Figure 6.1). This may 
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Figure 6.1 Thermal Rayleigh versus Taylor 
number responsible for the ratio between 
buoyancy-driven convection and rotation- 
driven flow in melts, respectively. The lines of 
Rossby criteria [14] show the transitions 
between stationary laminar, oscillating and 


nonstationary (turbulent) streaming modes. 
Some selected values of Si, GaAs and Ge for 
rotation rates u ro , = 5, 10, 20rpm and melt 
heights h = 50, 100mm at constant 
temperature difference AT = 10 K over melt 
height are inserted. 


be technically difficult to realize, especially when big melt charges (up to 50 kg) in 
very large crucibles are used. 

Usually, in VGF growth no rotation is used. Hence, for both LEC and VGF the 
application of another external stabilizing force such as a magnetic field becomes 
favorable. 

6 . 2.2 

The Features of Traveling Magnetic Fields 

The application of magnetic fields as an external force for damping natural convec¬ 
tion has been well known for a long time. One difference is between steady and 
nonsteady fields whereas both variants can be subdivided into many variants such 
as horizontal, vertical and cusp-shaped permanent fields or rotating, alternating 
and traveling variable fields (see Figure 6.1 in Ref. [9]). 

A TMF is generated by means of applying out-of-phase AC to a number of coils 
that are arranged vertically one upon the other or of interleaved connected spirals. 
As a result, a meridional traveling Lorentz field is induced when an electrically 
conducting melt is applied inside. The field line direction (up- or downward and 
out- or inward in coil or spiral mode, respectively), frequency / phase shift (p and 
amplitude I can be controlled very conveniently. The magnetic induction B can be 
described as a wave model consisting of axial and radial components B = (Bl+ B 2 ) 112 
with wavelength X = 2 7t/k = nh (fc, wave number, n > 2, number of coils/spirals, 
h, distance between coils/spirals). 
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Even the traveling magnetic fields show certain advantages in comparison with 
other field variants. First, an axisymmetric toroidal Lorentz force pattern is created. 
This manifests its effective counteracting property against buoyancy-driven con¬ 
vection generating mostly axisymmetric (toroidal) roll patterns. Secondly, a higher 
damping efficiency is obtained due to its proportionality with the field frequency. 
Finally, TMF proves to be most suitable to control the shape of the growing inter¬ 
face in VGF arrangements (see Ref. [15], for example). 

Comparing the generated magnetic inductions of steady and nonsteady fields 
the higher damping efficiency of TMF is obvious. According to Equation 6.1 a 
magnetic force density of F m = 460 N m -3 is required to counteract the buoyancy- 
driven convection in a GaAs melt with a characteristic temperature difference of 
50 K. The needed induction strength of a steady magnetic field B SMF would be [9] 

Bsmf = x/460/cru = 85 mT (6.5) 

with <7, electrical conductivity = 6.5 x 10 5 Sm -1 , w, convection stream veloc¬ 
ity = 0.1ms -1 [16]. In contrast, in the case of TMF an identical suppression force 
density F tmf = a 7tf LB 2 = 460 N m -3 demands only an induction intensity of 

B TMF = V 4 60/a 7if L ~ 5.5 mT (6.6) 


being more than one magnitude lower when a frequency of/= 100 Hz and char¬ 
acteristic length of I = r = 0.075 m are assumed. Thus, much lower power con¬ 
sumption is required. 

The penetration depth of a nonsteady magnetic field within the melt can be 
estimated by the skin thickness S s to be 

8 s = (;r HciUrOfY 112 (6.7) 

where /J, 0 is the magnetic field constant (= 12.566 x 10 -7 Hm -1 ) and fx r ~ 1 the rela¬ 
tive permeability. Skin depths of S s ~ 20-2 cm appear in a GaAs melt when TMF 
frequencies in the range/ = 10-600 Hz are used, respectively. 

Today, the research is concentrated on TMF application in VB and VGF arrange¬ 
ments for fundamental studies in metallic alloys [17], Ge [18, 19] and semicon¬ 
ducting compounds such as GaAs [8, 10, 20] and InP [15]. Concordantly, an 
effective controllability of the interface shape, significant reduction of thermal 
shear stress, and damping of compositional inhomogeneities (striations) were 
reported. Also, the Czochralski growth of silicon crystals under TMF is under 
investigation [21-23] and has proven to be favorable for convenient control of 
temperature distribution, interface shape, and oxygen incorporation with relatively 
low power consumption. However, one critical point of TMF is noteworthy. The 
field strength has to be adjusted for each given crystal-growth system with care 
since, otherwise, undesirable oscillating instabilities might appear [19, 24, 25]. The 
criterion is given by the TMF-related Taylor number of the melt [15]: 


Ta-j-MF — 


pv 2 k 


( 6 . 8 ) 


Schwesig et al. [15] found numerically that in a 2-inch InP melt within a TMF the 
critical Taylor number Ta FMF is about 2 x 10 7 being almost independent of the 
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aspect ratio H/D (H, height, D, diameter). We observed a nearly identical result 
in a Ge melt (see Chapter 4). 


6.3 

TMF Generation in Heater-Magnet Modules 

Usually, in the crystal-growth practice the coils for generation of any mode of 
magnetic field are positioned outside of the growth chamber [25, 26], which, in 
turn, causes the magnet to be designed for production of a much higher induction 
force than is actually needed for convection control. This allows compensation for 
the field losses due to the distance between the magnet and the crucible, with the 
obvious screening effects of chamber walls, heat shields, and heaters. As a result, 
only up to one order of magnitude lower flow density will reach the melt volume 
[11]. In general, external magnets are very expensive and energy-consuming 
because they must be designed thus to generate relatively high induction forces. 
Therefore, a significant economical effect can be achieved when the generator is 
placed as close as possible to the melt, as first proposed for a rotating magnetic 
field (RMF) in a Czochralski puller by Bruckner and Schwerdtfeger [27]. The coil 
pairs were positioned separately around the heater. However, to overcome the 
problem of extensive heat-up caused by heat transfer from the melt a special cooler 
was placed between both heater and magnet. Obviously, the temperature limit of 
the inductor parts (155 °C for the insulation of windings) stopped further develop¬ 
ments of such RMF variant especially for the industry. 

Within the framework of KRISTMAG project (2005-2008) we developed inner 
heater-magnet modules (HMM) for coupled generation of temperature and trans¬ 
lating magnetic fields adjusting to industrial crystal-growth equipments [28-30]. 
To obtain a suitable magnetic field and to control the crystallization process effec¬ 
tively the amplitude, frequency and phase shift of the three-phase current are all 
adjustable over wide ranges and are combined with a DC component. For the 
generation of vertically translating TMF the heater design must be changed com¬ 
pletely, that is, from a conventional standard meandering “picket fence” to a 
hollow cylindrical body with an upwards-winding slit forming a single-layered 
spiral- or staircase-shaped current path (see Figure 6.3 in Ref. [9]). The path is 
subdivided into coil segments by contact points for the phase-shifted power supply 
in a delta or star connection. 

To that end, a universal HMM controller system has been developed and per¬ 
formed. It contains a 6-pack integrated intelligent power system (SkiiP) impulse- 
and frequency-driven by an electronic control module. As a result, both a 
three-phase well-formed sine AC of desired frequency and phase shift for TMF 
generation and a DC component for controlling the melting and crystallization 
temperature are supplied to the heater-magnet. For our experiments the follow¬ 
ing parameter range was available: maximum power P = 40 kW, voltage V = 
0-40V, maximum current I = 330 A per coil section, frequency/ = 10-600Hz, 
and phase shift (p = 5-120 °. By means of such variables the generation of mag- 
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netic induction B = 1-10 mT and Lorentz force densities F m up to about 1000 Nm“ 3 
were possible. 

The basic idea of combined heater-magnet in crystal growth is not new and goes 
back to the 1970s [31]. It was tested to produce rotating magnetic fields [32-34] 
and proposed for generation of steady [35] and longitudinally traveling fields [36, 

37]. However, numerous technological issues had to be solved by the KRISTMAG 
team to realize such a concept in crystal-growth equipments of industrial scale. 

For instance, asymmetry effects due to the passages between windings and electric 
supply lines have to be overcome [29]. Furthermore, the combination of jacket and 
bottom heater-magnet modules generating vertically and horizontally translating 
fields were designed [30]. In the following, we report the first growth experiments 
of GaAs and Ge crystals within HMMs in industrial LEC and VGF equipments, 
respectively. 


6.4 

The HMM Design 

Figure 6.2 shows the HMM made of graphite for LEC growth of GaAs crystals that 
has been inserted in the industrial high-pressure puller “Cl 358” from Cambridge 
Instruments Ltd. A special multicoil design was worked out [30] to generate 


high-pressure vessel 

pulling rod 

insulation 

crucible 

HMM jacket coils 

HMM bottom spirals 

crucible rod 



Figure 6.2 Schematic cross-section (left) and 
real vessel image (right) of the commercial 
LEC crystal puller “Cl 358” with inserted 
HMM around the crucible consisting of three 


jacket coils and two bottom spirals 
generating heat and TMF simultaneously by 
supplying of out-of-phase AC. 
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simultaneously vertical and horizontal TMFs by jacket and bottom HMMs around 
the wall and under the bottom of the crucible, respectively. Such an arrangement 
proved to be the favored one for an optimal Lorentz held against buoyancy-driven 
temperature oscillations below the growing crystal (see Section 6.5). 

Out-of-phase AC was delivered in a star connection to the HMM sections for 
simultaneous heating and magnetic held generation. Both jacket and bottom THM 
parameters could be varied in the traveling direction (down- or upwards in the 
jacket region, in- and outwards in the bottom region), frequency/ and phase angle 
cp. Generally, in our hrst experiments coincident/and cp values for both jacket and 
bottom HMMs have been applied. The coil sections were power- and temperature- 
controlled in order to hold the temperature held constant when various f/cp ratios 
were selected. 

For the VGF growth of Ge crystals the standard jacket heater within the com¬ 
mercial equipment “Kronos” from Crystal Growing Systems GmbH was replaced 
by a graphite HMM subdivided into three coil segments connected by star-type 
wiring with a special power and controller system for delivering of both DC and 
AC with variable amplitude I, frequency / and phase shift cp. Bottom and top 
heaters, responsible for adjusting the axial temperature gradient, were used in an 
unmodified standard version. Special conhgurations of the power-supplying bars 
were constructed in order to minimize magnetic held asymmetries [12, 29]. Figure 
6.3 shows the scheme of the applied VGF arrangement with HMM. The crystal- 



high-pressure vessel 

insulation 

top heater 


crucible 


HMM jacket coils 
bottom heater 


Figure 6.3 Schematic cross-section (left) and real vessel image of the commercial VGF 
equipment "Kronos” with inserted HMM around the crystallization container consisting of 
three jacket coils for simultaneous generation of heat by supplying DC and TMF by feeding AC. 
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lization process was provided by computer-controlled gradient propagation of the 
DC share. 


6.5 

Numerical Modeling 

The global temperature distribution and electromagnetic field within the TMF LEC 
growth configuration for pulling of GaAs crystals (Figure 6.4) were modeled by 
the software CrysMAS, WIAS-HiTNIHS in combination with the code NAVIER 
[38] allowing computation of the melt flow under the influence of Lorentz forces. 
It has been found that two contrarily directed THM waves, independently gener¬ 
ated within the jacket and bottom sections, may produce a favorable Lorentz force 
field that separates the weak flow under the growing crystal (Taylor-Proudman 
cells) from the intense nonsteady vortices in the crucible-wall region. As can be 
seen from Figure 6.4b for this the Lorentz force vectors must be directed diago¬ 
nally from below the crucible periphery towards the crystal rim [16]. As a result, 
the temperature oscillation can be damped and shifted to less dangerous higher 
frequencies very effectively. Figure 6.5 compares the simulated temperature fluc¬ 
tuations obtained below the growing crystal without (a) and with TMF (b). The 
fluctuation amplitudes are reduced from 8K to 2K. Our experimental setup 
was selected in accordance with these numeric results. Note, a similar idea of 
flow regulation by separating the convection stream regions has been proposed 
by Scheel [39]. However, instead of use of a solid hollow cylinder around the 
crystal, being coaxially immersed in the melt in our case, a noncontaminating 



Figure 6.4 Simulated temperature field for 
the growth of GaAs within the LEC chamber 
showing the jacket coils 1-3 and bottom 
spirals 4-5 of the HMM (left) and distribu¬ 
tion of Lorentz force density within GaAs 
melt at TMF directed downward in coils 1-3 


and outward in spirals 4-5 with frequency 
f = 300 Hz and phase shift (p= 70° [16]. The 
point under the growing crystal in (b) marks 
the location for monitoring of the tempera¬ 
ture fluctuation (see Figure 6.5). 
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Figure 6.5 Temperature oscillations below tion (see Figure 6.2) without (a) and with 
the growing GaAs crystal in the monitor TMF configuration (b) as described in Figure 

point marked in Figure 6.4b obtained by the 6.4 (adapted from Ref. [16]). 

local simulation of the used LEC configura- 

and programmable Lorentz “shade” is used. Of course, this can be realized by 
traveling-field combinations only, but not by unsymmetric static magnetic fields. 

Different codes were used for the analysis of the VGF growth process [8,10,12]. 
First, possible 3D asymmetry effects generated by the electromagnetic field distri¬ 
bution using the HMM were analyzed by the commercial package AN SYS. Simula¬ 
tions of the melt flow were carried out with the commercial package CFX well 
adapting the interface to ANSYS. By using this combination, a simple transfer of 
the Lorentz force distribution data calculated with ANSYS into CFX was possible. 
It is noteworthy that the investigated effects of asymmetry require the use of the 
total system geometry without any simplifications by symmetry. Different connec¬ 
tions to the three-phase power supply have been modeled considering the input of 
current or voltage with variable phases and frequencies [12]. An optimized bus bar 
configuration minimizing Lorentz-force asymmetries has been ascertained [29]. 

Then, the induced TMF and its effect on the melt convection and interface 
morphology were studied by global 3D modeling with the code CrysMAS [8, 10]. 
The optimization of the solid/liquid interface shape during the crystallization was 
carried out by means of snapshots of different growth positions. As a result, the 
interface morphology as function of the H/D aspect ratio was obtained (H, melt 
height, D, melt diameter). Additionally, the transition value of the TMF force from 
the steady-state situation to nonstationary melt flow was studied by 3D time- 
dependent simulations. The creation of the Lorentz force density was simulated 
for each coil segment in such a manner that the effective power could not exceed 
the power for generation of the heat requiring for the melting and crystallization 
process (in the range of 4—5 kW) that was obtained from the temperature field 
simulations and delivered by the DC share. For a slightly convex growing interface 
the TMF parameters of I = 120A/coil segment,/= 20Hz and cp = 60° were found 
to be most suitable. The induced magnetic flux intensity of B 0 ~ 2.5 mT guaranteed 
a laminar flow regime with uniform isotherm courses and no quantifiable oscil¬ 
lation amplitudes (<0.05 I<). Thus, a still stationary regime was obtained although 























6.6 Dummy Measurements 


the Taylor number of Ta T MF ~ (2-3) x 10 7 approached the critical one. Compared 
to this at an induction of B ~ 6mT and related Ta TMF = 10 8 , a markedly inho¬ 
mogeneous fluctuating isotherm field with characteristic and dangerous low- 
frequency oscillation of 0.18 Hz was obtained [8]. 

For constant TMF parameters during the whole growth process the interface 
curvature does not remain constant and the convexity tends to increase with 
decreasing H/D ratio. Considering this fact for realistic growth processes the 
application of a time-dependent TMF program to satisfactorily adapt to each 
growth situation is required. In order to maintain a constant slightly convex inter¬ 
face curvature over the whole VGF process the total power must be gradually 
reduced from 4.5 to 4.0kW and the TMF responsible AC share from 3.0 to 2.0kW 
when a field frequency of/= 20 Hz and a phase shift of (p = 60 0 are selected [8]. 


6.6 

Dummy Measurements 

The vertical component of the Lorentz force density F u can be measured by the 
mass responses of a dummy made of stainless steel when the traveling magnetic 
field of given I, f and j is briefly switched on under room conditions (note the 
electrical conductivity of steel is c = 1.3 x 10 6 Sm _1 being nearly identically with 
those of GaAs and Ge melts). For this, a hollow cylinder dummy of height and 
weight identical with the melt column was hung inside the HMM on a steel rod 
connected with the load cell of the high-precision balance system, as is used for 
crystal weighing during Czochralski growth. The weight response F w = Am g can 
be converted into an axial Lorentz force intensity by the relation 

Fh = Am g V -1 (6.9) 

with g the gravitational acceleration and V the dummy volume. The results were 
compared with the numerical calculations. Figure 6.6 shows the results of dummy 
measurements within the HMMs in the LEC (a) and VGF (b) equipments. Whereas 
in LEC the F Lz value was determined for a given crucible position as a function 
of the frequency and phase shift in downward-directed THM in the VGF case 
constant parameters I = 180A,/ = 500Hz and cp = 70° were selected but F Lz was 
measured along the whole HMM length by moving the dummy in 10-mm steps 
and changing the TMF direction. As can be seen, in both cases a good agreement 
with numeric calculations is obvious. 

From Figure 6.6a it follows that the specific HMM configuration in the LEC 
puller consisting of 3 jacket coils and 2 bottom spirals allows the variation of value 
and direction of F^ by alternating/and (p without changing the TMF direction. 
Downward (-) and upward (+) directed F Lz values between +120 and -200 Nm 3 
have been registered. Note, these values denote the mean axial forces acting on 
the dummy but not referring to local values that can be markedly stronger even 
near the crucible wall (in the range of 600-800 N m -3 ) as has been found by 
numerical simulations [11, 16, 40]. As follows from Equation 6.1 such mean force 
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Figure 6.6 (a) weight response and related 

axial Lorentz force density F u (left ordinate) 
against TMF frequency/and phase shift (p. 
(b) axial distribution of the measured and 
calculated mass response of the dummy 
within the heater-magnet module of the VGF 


equipment shown in Figure 6.3 (see also Ref. 
[10]) when an up- or downward TMF of 
/ = 180A per coil segment,/ = 300Hz and 
<p= 70° was induced. The right ordinate 
shows the deduced averaged Lorentz force 
density. 


density exceeds the buoyancy-driven convection force density F b ~ 460 N cm -3 when 
a temperature difference over the melt height of AT = 50 K is assumed. In general, 
one must select the ratio between frequency and phase shift very carefully. From 
Figure 6.6a it follows that in such a HMM arrangement the vertical Lorentz force 
density can be well balanced by the phase shift, as in the case off = 400 Hz and 
cp = 90°, for example. We found by our numeric simulations that a sufficiently 
intense radial component F Lz > 500 Nm~ 3 still remains. 

In the TMF VGF arrangement maximum force density of 700 Nm~ 3 has been 
deduced from the mass response when f = 500Hz is applied (Figure 6.6b). This 
proves to be much more than required for damping of the convection-driven forces 
being usually in VGF containers less than 100 Nm -3 . In fact, a much lower fre¬ 
quency was selected experimentally to obtain an undercritical growth situation (see 
Section 6.2). Again, a good agreement between dummy measurements and 
numeric calculation was observed. Generally, a proper TMF-time program must 
be tuned in order to adapt the Lorentz force density and distribution to the chang¬ 
ing convection pattern with decreasing melt height during the normal freezing 
process [8]. 


6.7 

Growth Results under TMF 

6 . 7.1 

LEC of GaAs 

Such experiments were provided first to test the feasibility of LEC growth within 
TMFs by applying a new design of combined heater-magnet. Undoped 3-inch 
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[001]-oriented GaAs crystals have been grown within the AC-provided HMM con¬ 
figuration presented in Figure 6.2. Up to now, more than twenty crystals were 
grown under different TMFs by varying the frequency and phase shift in the 
ranges/= 50-400FIz and cp= 5-90°, respectively. The diameter stability, interface 
curvature, striation morphology, etch pit density (EPD), content of residual impu¬ 
rities, and electrical properties have been analyzed. 

In Figure 6.7 some as-grown boules obtained under different/and (p values are 
presented. Relatively good diameter accuracy has been obtained, especially, when 
high field frequencies f = 300-400 Hz were selected. On the other hand, at low 
frequency, / = 50 Hz, the unfavorable concavity of the interface rim could be 
reduced most effectively. Figure 6.9a shows the melt/solid boundary morphology 
ascertained by diluted Sirtl with light (DSL) method on such a longitudinal crystal 



Figure 6.7 Images of as-grown GaAs crystals grown byTMF-LEC method within the HMM 
arrangement presented in Figure 6.2 at ratios of frequency and phase shift f/<p= 50Hz/90° 
(a), 300Hz/70° (b), and 400Hz/90°. 
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cut. Of course, in the end the parameter optimization has to be found in combina¬ 
tion with the best thermal conditions for each growth equipment and crystal 
diameter particularly. 

The designed HMM configuration helps to damp temperature fluctuations 
under the growing crystal, especially when higher frequencies are used. Micro¬ 
scopic DSL etching of cuts parallel to the growth axis taken from crystals grown 
at /= 300 and <p=7 0° show very weak and uniform residual striation arrange¬ 
ments no longer correlating with sporadic buoyancy-driven convection [41] 
but with the strong periodicity of the crucible-crystal rotation ratio only (Figure 
6.10a). This is in good accord with the numeric calculations shown in Figure 6.5 
[11, 16], 

Mean dislocation densities of ~10 4 cm~ 2 have been obtained. Minimum values 
of (4-5) x 10 3 cm -2 at half radius along the radial <100> directions were observed 
in crystals grown at low TMF frequency. As a first approximation this agrees with 
the above-reported effect of interface flattening. 

Low residual impurity concentrations in the range 10 13 -10 14 cm“ 3 of the elements 
S, Zn, Fe, Cr and Cd have been measured by glow discharge mass spectrometry 
(GDMS). Surprisingly, markedly enhanced contents of oxygen and boron greater 
than 10 18 cm -3 were detected. As a result, the substitutional carbon concentrations 
[C As ], measured by local vibrational mode (LVM) absorption at 300 K, became 
distinctly lower than 10 16 cm~ 3 being related to the high oxygen content [42, 43] 
and having, apparently, nothing to do with TMF but is due to the activity contrari¬ 
ness of the chemical CO and O potentials in a LEC system [44]. At the present 
time we assume that TMF-induced high-speed vortices under the boric oxide 
encapsulant (see e.g., Ref. [16]) contribute essentially to the O and B release from 
it and their transport to the interface. However, more experimental facts are still 
required. 

All as-grown crystals show semi-insulating behavior with specific electrical resis¬ 
tivities in the range of p = (2-4) x 10 8 Q cm and free carrier concentrations 
of n e = (3-6) x 10 6 cm -3 measured by the van der Pauw method at 300 K. The p 
values correlate with the measured carbon concentrations in the range of C As = 
(5-9) x 10 15 cm -3 , as is known from standard behavior of LEC crystals [44]. A typical 
as-grown single crystal pulled from freshly synthesized melt shows an electron 
mobility of p n = 5680cm 2 /V s at p = 2.3 x 10 8 Q cm, » e = 4.8 x 10 6 cm -3 and 
[C As ] = 9 x 10 15 cm“ 3 . Finally, relatively low EL2° concentrations in the range of 
(0.5-1.2) x 10 16 cm~ 3 were ascertained by near-IR absorption when comparing with 
standard as-grown LEC material. 

6.7.2 

VCF of Ce 

As is well known, favorable flat or slightly convex melt/solid interfaces cannot be 
achieved under conventional VGF growth conditions [8]. To demonstrate the fea¬ 
sibility in traveling magnetic fields <111>- and <100>-oriented Ge single crystals 
with diameter of 110mm and weight up to 6kg were grown in a HMM VGF 
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arrangement generating downward-directed Lorentz forces. More experimental 
details are reported in our former papers [8, 10]. 

For the investigation of the interface curvature by the striation technique the 
as-grown crystals were longitudinally cut along the <211> and <110> directions 
and then analyzed by etching and lateral photovoltage scanning (LPS) [45]. The 
etch pit density (EPD) was determined on polished {111} and {100} planes at room 
temperature by using the Sirtl and 1 HF:2 HN0 3 :4 CH 3 COOH etchant, respec¬ 
tively. The conductivity type, specific electrical resistivity, carrier concentration, 
and mobility were ascertained by van der Pauw measurements at 300 K. 

Figure 6.8 shows images of the body and shoulders of as-grown <111>- and 
<001>-oriented Ge single crystals obtained in a downward-traveling magnetic field 
of/= 40 Flz and <p = 60°. The three- and four-fold symmetries are well distinguish¬ 
able due to shoulder faceting in case of <111>- (b) and <001>-orientation (c), 
respectively. The striation-revealed interface morphology in Figure 6.9b taken 
from a longitudinal cut of a Ge crystal grown under nearly optimum TMF condi¬ 
tions refers to flat and slightly convex interface shapes within the central region. 

A combined AC/DC programming of TMF and heating power according to the 



Figure 6.8 Images of as-grown body (a) and shoulders of <111>- (b) and <100>-oriented 
(c) Ge single crystals obtained in the HMM arrangement shown in Figure 6.3 at downward 
traveling magnetic field of/= 40 Hz and < p= 60° (adapted from Ref. [8]). 
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Figure 6.9 DSL-revealed interface morpholo¬ 
gies of as-grown GaAs (a) and Ge crystals 
(b). The GaAs sample was obtained by 
TMF-LEC at f/rp ratio of 50 Hz/5”. The Ge 


crystal was crystallized by VGF in a 
downward-directed TMF at nearly optimum 
TMF conditions in order to achieve slightly 
convex interface (see also Ref. [8]). 


numeric estimation [8] was applied to consider the decreasing aspect ratio of the 
melt during the crystallization process. A very sensitive TMF impact on the melt/ 
solid interface morphology without changing the heating conditions has been 
observed [8], 

Figure 6.10b presents a striation image of the microscopic scale taken from a 
crystal grown under nearly optimized TMF conditions. The inset shows distinct 
striations obtained when overcritical conditions with Ta TM F ~ 10 s were chosen. It 
has been found that the striation intensity (amplitude) reduces and the interspace 
increases with lowering magnetic induction. Therefore, our experimental results 
verify that convection-driven temperature fluctuations can be effectively damped 
by a well-adopted TMF. Comparable results have been reported by Lantzsch et al. 
[19] using, however, a more expensive TMF coil outside the growth chamber. 

The EPD in crystals grown without TMF was in the range of (0.8-5) x 10 3 cm -2 . 
Often, dislocation bundles at the crystal edge were observed, obviously caused by 
the concave interface bending. Compared to that, a somewhat lower EPD of 
(0.6-3) x 10 3 cm“ 2 was found when optimum TMF conditions for ensuring a sta¬ 
tionary flow regime and slightly convex interface were adjusted. In <100>-oriented 
crystals the center was even free of dislocations. We found that independent of 
the magnetic field the pyrolytic BN container is responsible for dislocation genera¬ 
tion at the crystal edge, in agreement with the observation of Schweizer et al. [46] 
in conventionally grown Ge crystals. 
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Figure 6.10 Microscopic striation analysis in 
slices cut parallel to the growth axis taken 
from TMF-LEC GaAs (a) and TMF-VGF Ge 
crystals (b) grown under optimum TMF 
conditions damping effectively the 


convection-driven temperature fluctuations 
The respective insets show distinct 
striations obtained under nonoptimum 
TMF conditions. 
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Figure 6.11 Radial distribution of carrier concentration (a) and carrier mobility (b) in 
as-grown 4-inch p-type VGF Ge single crystals grown in pBN crucibles without magnetic field 
(broken curves) and under nearly optimum TMF conditions (unbroken curves). 


Figure 6.11 compares the hole concentration n p and hole mobility n v of Ge 
crystals grown without and with TMF. In crystals grown under nearly optimized 
TMF conditions n p = (0.9-2.8) x 10 15 cm~ 3 and n v = 2500-2800cm 2 V -1 s _1 have been 
ascertained. As follows from the radial distributions an improvement of the homo¬ 
geneity takes place when TMF is applied. This is due to the flattening of the 
interface by a well-selected downward-traveling magnetic field. From our first 
results we can conclude that an optimal adjusted TMF is favorable for the struc¬ 
tural and electrical qualities of as-grown VGF 4-inch Ge crystals. 
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6.8 

Conclusions and Outlook 

The first growth results of GaAs and Ge crystals by LEC and VGF in HMMs within 
the framework of the KRISTMAG project have been summarized. It was dem¬ 
onstrated that semi-insulating GaAs crystals can be successfully grown in a HMM 
design consisting of three jacket coils and two bottom spirals. Such a configuration 
allows adjustment of a stable melt flow situation, especially, at high TMF frequen¬ 
cies damping the harmful temperature fluctuations below the growing crystal. 
However, enhanced oxygen and boron concentrations are incorporated into the 
growing crystals, probably caused by the TMF-induced rapid flow vortices under 
the boric oxide encapsulant contributing essentially to the O and B release from 
it. At low field frequency (50 Hz) the unfavorable concavity of the peripheral inter¬ 
face region and, thus, the dislocation density can be reduced. The electrical crystal 
properties show standard as-grown behavior. At present, the experiments were 
provided first to test the feasibility of LEC growth within TMFs by applying new 
designs of combined heater-magnet. In the future, a more systematic experimental 
complex by using AC and DC combination is required to determine the explicit 
correlations between TMF and crystal qualities. 

Ge single crystals were grown by VGF in a traveling magnetic field generated 
in an inner heater-magnet module producing heat by DC and TMF by AC simul¬ 
taneously. It was found that the morphology of the growing melt/solid interface 
can be controlled by TMF very sensitively. A well-adjusted AC/DC relation, low 
frequencies in the range of/= 20-50 Hz and magnetic field programming, proved 
to be the most suitable conditions for ensuring a constant slightly convex crystal¬ 
lization front during the whole growth run. Improved structural and electrical 
crystal qualities have been obtained. Striations are minimized by effective damping 
of the convection-driven temperature fluctuations. Lowered EPD, high carrier 
mobility up to /u v = 2800 cm 2 V -1 s" 1 and markedly improved radial homogeneity of 
electrical parameters were measured in the as-grown crystals. 

The results demonstrate that the KRISTMAG concept is very promising. The 
simultaneous TMF generation within the heater proves to be a helpful cost- 
reducing additional tool for sophisticated variation and optimization of the crystal 
pulling process. 
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Mokhov, Sergei S. Nagalyuk, M.C. Ramm, Alexander S. Segal, and Alexander I. Zhmakin 


7.1 

Introduction 


The unique properties of the group Ill-nitrides [1, 2] make them the best material 
for optoelectronic devices emitting light in the visible and UV spectral ranges, 
including sources for general illumination [3-7], and high-power/high-frequency 
electronic devices capable of operating at high temperatures and in harsh environ¬ 
ment [8-11]. To fully exploit them in optoelectronics and communication technol¬ 
ogy, two problems are to be solved: (i) the difficulties of high-level p-doping and 
(ii) the lack of lattice and thermally matched substrates. 


7.1.1 

Substrates for Group III Nitride Devices 

The requirements for a good substrate are: lattice and thermal expansion coeffi¬ 
cient (TEC) matching, large size, affordable price; sometimes additional features 
are desirable, for example, cleavability for laser diodes or high electrical resistivity 
for field effect transistors (FETs). The best substrates for GaN-based devices are 
GaN and AIN. AIN ones are superior for structures with high A1 content, for 
example, UV devices (AIN is transparent down to about 200nm), FETs and both 
vertical and lateral Schottky and p-i-n diodes [12] (unintentionally doped [UID] AIN 
crystals are insulators 1 * in contrast to GaN ones that have a high background con¬ 
centration of free electrons [13]), as well as for power devices due to high thermal 
conductivity. 2 * AIN crystals, possessing the highest surface and bulk acoustic wave 


1) The concentration of residual oxygen is 
high for sublimation grown AIN, however, 
most of the oxygen is incorporated not as 
a substitutional shallow donor, but as 
impurity-forming complexes with point 
and extended defects located deep in the 
gap [13, 14], 


2) The cooling of devices on AIN substrates 
could be effectively better than that on SiC 
substrates having higher thermal 
conductivity since the former do not 
require a buffer layer that is highly 
defective and thus presents considerable 
thermal resistance [15]. 
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velocity known for piezoelectric materials and a large piezoelectric coupling coef¬ 
ficient, are also needed for the surface acoustic wave devices. 

In the absence of native GaN or AIN substrates, a number of foreign ones are 
used in practice, leading to low quality of the grown epitaxial layers in terms of 
large threading dislocation density (DD), inversion domain boundaries, stacking 
faults, bowing of the structure, cracks. While high DD is acceptable for light- 
emitting diodes (LEDs), it is fatal for laser diodes and power transistors; even for 
the LEDs it reduces efficiency and is the main factor in device failure [16, 17]. 

The most important foreign substrates are sapphire and silicon carbide (6H-SiC 
or 4H-SiC). 3) 4 The former is inferior, leading to higher DD in structure; in addition, 
the insulating nature of sapphire restricts the device architecture, for example, an 
LED on sapphire requires on-one-side contacts, excluding vertical die design; a 
low refractive index of sapphire in comparison to Ill-nitrides also leads to waveguid- 
ing of light emitted in an LED that reduces the light extraction efficiency [16]. Still, 
over 80% of LEDs are fabricated on sapphire 2” substrates now [21] due to the low 
cost and availability. The drawback of SiC substrates is high cost and surface 
roughness on the scale of a few atomic bilayers leading to stacking-mismatch 
defects at the interface between SiC and Ill-nitride layers in the form of a 2H- 
polytype [16]. 

Reducing the high cost of SiC substrates, while conserving high thermal con¬ 
ductivity, is possible by mounting of a thin film of monocrystalline SiC onto 
polycrystalline SiC [22] that has a thermal conductivity lower than that of single 
crystal but close to it [23] and is produced by the low-cost process of SiC powder 
sintering [24]. Bonding a thin sapphire layer to polycrystalline AIN (P-A1N) retains 
the epitaxial template for the growth while improving the thermomechanical 
properties of substrate [25]. Another example of composite substrates is SiC 
semiconductor-on-insulator (SOI) structures that are low cost 3C-SiC (111) 
substrates fabricated by the conversion of silicon SOI by carbonization of the 
surface-reaction with propane and hydrogen at high temperatures [26]. 

Epitaxy of InGaN/GaN layers on foreign substrates with large lattice mismatch 4 * 
requires a preliminary growth of a buffer layer or multiple buffer layers [20, 32]. 
The buffer layer material for sapphire and SiC substrates is AIN; GaN, AlGaN, 
ZnO [33] or platinum nanocluster [34] is used for sapphire, while HfN buffer layers 


3) The list of other substrates used for InGaN 
epitaxy includes GaAs, AlAs, GaP, ZnO, 
MgO, Mg(Zn) Fe 2 0 4 , LiGa0 2 , LiAl0 2 , Si0 2 , 
NdGaOj, ScAlMg0 4 , Zr0 2 [18-20]. 

4) Lattice mismatch leads to misfit strain in 
grown layer that should be accommodated 
if the layer thickness exceeds a critical one 
(according to either the energy 
minimization theory of Frank-Van der 
Merwe or the force-balance theory of 
Matthews-Blakeslee) via the introduction 
of misfit dislocations, modulation of 

the free surface profile, composition 


modulation [27], microtwin formation 
[28] or interdiffusion between the layer 
and the substrate [29]. These mechanisms 
could be cooperative as well as competitive 
[30]. The critical thickness is the 
equilibrium entity, thus metastable 
metamorphic layers of higher thickness 
could exist at low temperatures: for 
example, recently an n-type AlGaN 
layer on the bulk AlN substrate with 
a thickness more than an order of 
magnitude greater than the critical value 
was reported [31]. 
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are used for Mo substrates [35]. The large lattice (17%) and TEC (33%) mismatch 
between Si and GaN cannot be fully accommodated by an AIN buffer layer [36], 
still, involving additionally nitridation [37] or carbonization of the surface or SiC 
coating [18], some GaN devices grown on Si substrates such as HEMTs show 
acceptable performance. In MBE the best results (an order of magnitude decrease 
of the DD in GaN epilayers) are obtained when the growth is initiated by exposing 
the Si surface to NH 3 first [38]. Usually, the Si (111) surface is used, while an 
integration with Si microelectronics requires growth on Si (100). 

Considerable efforts were directed to development of templates (foreign sub¬ 
strates with deposited thin nitrides layers) [20, 39] and pseudo-bulk or free-standing 
nitride substrates [40, 41] obtained by separation of thick nitride layers from the 
substrate after the growth (by laser-assisted lift-off [LLO] [40, 42] or by etching, 
e.g., in aqua regia for GaAs substrates) or during the growth on sapphire sub¬ 
strates with patterned GaN seeds by spontaneous self-separation [43]. Recently, 
Ashraf et al. [44] have used a number of characterization techniques (diffraction 
interference contrast optical microscopy, scanning electron microscopy, micro- 
Raman scattering, X-ray diffraction) to assess the quality of thick GaN layers grown 
by hydride vapor-phase epitaxy (HVPE) directly on sapphire (with optimal nuclea- 
tion layer deposition at low temperatures and low pressures on the nitridated 
surface) and on the GaN/Al 2 0 3 templates prepared by GTS-MOCVD process [45] 
(GTS stands for the gallium treatment step that is a long exposition of the substrate 
surface to TMGa at high temperature). The authors found that the layers did not 
significantly differ in the surface morphology and the structural quality, but the 
layers grown on the MOCVD templates suffered from cracking in a few cases, 
while no cracking occurred in the HVPE layers grown directly on sapphire. 

The study of deep-UV emission of AlGaN quantum wells [46], AlGaN UV LEDs 
[47] and high electron mobility transistors (HEMTs) [48] grown on bulk AIN sub¬ 
strates prove the superiority of the latter, for example, the luminescence intensity 
of the QW grown on bulk AIN was higher than that of the QW grown on SiC by 
a factor of 28, the reverse breakdown voltage of the m-i-m structure on bulk AIN 
was an order of magnitude greater than that on free-standing GaN [12]. Substrates 
cut from the bulk crystals can have different orientation (polar, semipolar or non¬ 
polar), enhancing the freedom of the device design [49-51]. 

7.1.2 

Growth of Bulk Group III Nitride Crystals 

Although the first AIN crystals were synthesized by Briegler and Guther using the 
reaction between molten aluminum and nitrogen a century and a half ago [52], 
growth of bulk GaN, AIN and AlGaN crystals is difficult [53]; InN bulk crystals 
have not been demonstrated so far. These crystals could not be grown from the 
melt as most semiconductors not due to the high melting temperature itself, as 
sometimes stated, but due to the decomposition of the crystals occurring at much 
lower temperature resulting from the strong bonding of the nitrogen molecule 
and low free energy of the crystal [54]. The solubility of nitrogen in the Ga melt is 
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very low [55] and formation of the N 2 bubbles is possible in the supersaturated 
GaN liquid [54]. Nitrogen dissolution in metal melt could be increased by two 
orders of magnitude-as is well known in iron- and steelmaking-by dissolving 
nitrogen radicals instead of nitrogen itself, thus ammonia is preferable as an 
ambient gas [56]. 

Growth of centimeter-size GaN crystals was achieved at high temperatures and 
ultrahigh N 2 pressures that provide a sufficient concentration of nitrogen in the 
Ga melt (high nitrogen pressure solution growth-HNPSG) [57, 58]. The GaN 
crystals grown by this method have a very low DD of 10 2 cm“ 2 . HNPSG without 
intentional seeding produces needle-like AIN crystals [59]. Similar temperatures 
and pressures are used in the pressure-controlled solution growth (PCSG) [53]. 

The extreme parameters needed for HNPSG and PCSG are reduced in ammo- 
nothermal [60-62] and alkali metal flux methods [63-66]. 

The former is similar to the hydrothermal growth of quartz crystals with super¬ 
critical ammonia instead of water. No growth of GaN crystals is observed in pure 
Ga solution [60]. It is necessary, similar to other hydrothermal-type processes, to 
add either lithium as a transporting agent [60] or mineralizers such as NH 4 X 
(where X = Cl, Br, I) [61, 62] or gallium triiodide with Cul or Lil [61]. In the first 
approach chemical reactions occur in the solution involving LiGa(NH 2 ) 2 and 
LiNH 2 . Acidic mineralizers effectively increase the reaction rate by increasing the 
number of anions in the solution. 

In the sodium flux method Na acts as a catalyst that releases electrons easily. It 
is speculated that nitrogen in N 2 molecules absorbed onto the Ga-Na melt surface 
receives electrons from Na, that weakens the N 2 bonds and causes dissociation of 
N 2 into two negatively charged radicals at much lower temperature and pressure 
[63]. The use of lithium instead of sodium is more promising since the ability of 
the former to fix nitrogen is higher and that allows one to achieve the growth of 
GaN single crystals under a pressure of 1-2 atm [66]. 

The sodium flux growth is performed in a closed [65] or in an open tube [63, 
64]. In the former the only source of nitrogen is a solid precursor such as NaN 3 
powder, thus the pressure decreases during the process as nitrogen is being con¬ 
sumed for GaN growth. In the latter, N 2 or its mixture with NH 3 serves as a 
nitrogen source and the pressure can be either kept constant or varied in time by 
a prescribed law [64]. NH 3 is superior to N 2 , however, the size of GaN crystals 
grown in NH 3 - N 2 mixture is smaller than in pure N 2 . CL spectra show that GaN 
crystals grown in the open system are of higher quality [67]. 

A new method called electrochemical solution growth (ESG) based on the trans¬ 
port of the nitrogen ion N 3 “ in the molten chloride salt is being developed now 
[68]; so far only millimeter-size GaN crystals were produced. Reaction between Ga 
and Li 3 N under NH 3 atmosphere via formation of LiNH 2 is used to grow GaN 
crystals by T. Hirano et al. [69]. Advances in ammonothermal growth of GaN have 
been reviewed in [53, 70] of AIN crystals with potassium azide KN 3 as mineral¬ 
izer-in [71], of AIN growth from Cu-Al-Ti-N solution in [72]. The solution growth 
in the near future will hardly be developed to the production scale due to the dif¬ 
ficult control of the process and the low growth rate. 
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The alkali metal flux growth has been used in the liquid phase epitaxy (LPE) 
[56]. 3-pm thick MOCVD-GaN layers with the DD 1.3 x 10 6 were used to grow 
500-pm crystals that were almost dislocation free. PL intensity of the LPE-GaN 
with Na flux and Ca-Na mixed flux was 47 and 86 times, respectively, greater than 
that of the seed crystal. LPE was also used to grow platelets of hexagonal or pris¬ 
matic habit at ambient pressure with NH 3 as a nitrogen source; the growth ani¬ 
sotropy was found to be comparable to that in bulk Na flux growth and much 
smaller than in HNPSG [73]. 

7.1.3 

Sublimation Growth of AIN Crystals 

Sublimation growth (or physical vapor transport-PVT) of AIN is the most mature 
technology of bulk nitride crystal growth (sublimation is also used to grow AIN 
fibers [74]); sublimation growth of GaN crystals is less successful [75]. The overall 
reaction can be written as 

(AlN) solid > Al vap0UI + iN 2 D ^T > (AINU, 

This method developed in 1976 [76] now provides growth rates up to lmm/h [77] 
and high crystal quality (the DD is lower than 1000 cm 2 and FWHM of the rocking 
curve is less than 10 arcsec in the best samples [78]). Either spontaneous nuclea- 
tion (self-seeding growth) without any attempt to control the crystal orientation or 
intentional seeding (homoepitaxial [79] or heteroepitaxial [80, 81]) can be exploited. 
SiC substrates are often used [82, 83], other substrates-sapphire, tantalum carbide 
TaC and niobium carbide NbC-have also been tried [84]. Decomposition of SiC 
affects the growth morphology and could provoke growth of polycrystalline AIN 
[85]. Both crucible and source are usually cylindrical, however, conical crucible are 
used sometimes [76] as well as a central hole in the powder source to increase the 
source surface area [86], 

High growth temperature and highly reactive A1 vapor create a problem in selec¬ 
tion of crucible material. Different crucibles have been tried including ones made 
from refractory transition metals (W, Ta, Nb, Zr) and graphite coated with SiC, 
NbC or TaC [52, 80] revealing their weak points: for example, a boron nitride 
growth environment results in highly anisotropic growth [52], coated graphite 
crucibles deteriorate at high temperatures, and carbon detrimentally influences 
the growth morphology as in pure C crucibles; crucibles made from nitrides or 
carbides suffer severe cracking. Among the most successful ones are crucibles 
made from transition metals and their carbides [80]. The duration of the growth 
process is limited by the degradation of crucible [86, 87] and of graphite insulation 
[88] as well as by continuous operation of the source that requires the temperature 
gradients within the source to be as low as possible [89, 90]. The growth tempera¬ 
ture critically influences the crystal morphology [91]. The dislocations in the crystal 
can arise both during growth or after the growth in the course of the mechanical 
stress relaxation [89, 92]. The effect of substrate misorientation and buffer layers 
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on growth modes and defects in AIN sublimed onto 6H-SiC substrates were 
studied in Refs. [93, 94]; different growth modes were related to the low mobility 
of AIN adatoms on the crystal surface. 

Currently, stable growth of 15-25mm diameter and 10-20mm long AIN single 
crystals has been achieved [78, 95-97]. Still, a number of problems such as 
improvement of the crystal seeding and stoichiometry, reduction of impurities, 
maintenance of stable conditions during the long growth remains. The present 
chapter reports advances in AIN sublimation growth and its modeling. 


7.2 

Modeling 

As AIN sublimation growth is implemented in a tightly closed crucible under 
high-temperature, it is difficult to study and control in situ, thus the importance 
of computer modeling is evident [87, 89, 90]. 

Theoretical analysis of AIN PVT growth was probably first performed in [98]. In 
this paper, surface decomposition of low-reactive N 2 was noted as the rate-limiting 
stage of the AIN evaporation/growth kinetic mechanism. A ID model of the 
process was developed, no transport effects being taken into account. In contrast, 
most of later studies assumed the AIN growth rate to be limited by the species 
transport [99-101] and the AIN growth rate was found using the Hertz-Knudsen 
equation for the interface A1 fluxes at the AIN surfaces. These papers neither clari¬ 
fied the boundaries of the kinetically and transport-limited approximations, nor 
accounted for mass exchange between the crucible and the ambient through small 
gaps that may essentially affect the process. Besides, they do not consider evolution 
of the AIN crystal and source and corresponding gradual change of the growth 
conditions. The evolution effects are also important as they determine the crystal¬ 
lization front shape that, in turn, affects distributions of dislocations and other 
defects in the crystal (a slightly convex crystallization front is preferable). A model 
of AIN sublimation growth that does not rely on the kinetically or transport limited 
approximations and describes all the above effects within a single approach was 
developed in [102-104] where one-dimensional stationary model was considered. 
Here, we extend it to the 2D axisymmetrical case and consider the process in 
evolution. 

The model of AIN sublimation growth is based on a conventional description 
of heat and radiation transfer, gas-flow dynamics, and species diffusion in the 
growth system coupled with reduced quasi-thermodynamic description of surface 
kinetics at the AIN surfaces. The latter was earlier applied to modeling of other 
growth techniques (see, for example, [105] and references therein). As applied to 
AIN sublimation growth, it utilizes the extended Hertz-Knudsen relationships for 
two reactive gaseous species, A1 and N 2 

J i = a l (T)p i (T)(Pf-P i € ) 

Here, J, are the interface molar fluxes, <Xi(T) are the temperature-dependent stick¬ 
ing probabilities, T is the temperature, y3 ; (T) = (2^UiRT) _1/2 are the Hertz-Knudsen 
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Figure 7.1 Temperature at the center of the crucible lid vs. crucible coordinate at the vertical 
axis, computed (solid line) and pyrometrically measured (points). 


collision factors, /Uj are the molar masses, R is the gas constant, P" are the species 
partial pressures at the interface, P ; e are the quasi-equilibrium (thermodynamic) 
species pressures, and subscript i indicates a particular species (A1 or N 2 ). The A1 
sticking probability is assumed to be unity due to its high reactivity. In contrast, 
the N 2 sticking probability is very low. In [103], it was fitted as a function of tem¬ 
perature using data of [106] on the AIN evaporation in vacuum (more recent data 
of [107] confirmed the derived approximation). The pressures Pf satisfy the mass- 
action law equation (P^) P^ 2 = K(T), where K(T) is the equilibrium constant for 
the surface reaction 2A1 + N 2 <=> 2AlN(s). The model was validated in [104] by 
comparison with the experimental data on the AIN growth rate as a function of 
the temperature and the pressure; it is implemented as the software package 
Virtual Reactor™ [108,109]. Figure 7.1 illustrates the high accuracy of temperature 
prediction. 

The ambient pressure strongly affects the growth, which is largely related to the 
idea of critical pressure. In equilibrium, J, = 0, P f e = P", and the two species partial 
pressures can be found from the system of two equations: (P^) P^ 2 = K(T), 
Pj5 + P^ 2 = P, where P is the total pressure in the crucible. Analysis shows that if 
P > P*(T) = 3/2[2fC(T)] 1/3 (critical pressure) then the system has two solutions cor¬ 
responding to the Al-rich and N-rich vapor, if P = P*(T) then there is the unique 
solution corresponding to the stoichiometric vapor, and if P < P*(T) there is no 
solution. The latter means that in a hermetically closed crucible the equilibrium 
pressure is always higher than the critical pressure. In a nonhermetic crucible, the 
equilibrium is impossible if the ambient pressure is so low that the related pres¬ 
sure inside the crucible is lower than the critical pressure. In this case, both the 
AIN source and seed evaporate, with the Al/N 2 vapor coming out from the crucible 
to the ambient (Figure 7.2). 

Mass exchange between the crucible and the ambient occurs through a narrow 
ring gap between the crucible side wall and the lid. The internal and external pres¬ 
sures are close to each other at a sufficiently high external pressure but consider¬ 
ably deviate as it decreases, depending on the gap hydraulic resistance £ that is 
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Figure 7.2 Pressure inside the crucible (left) and AIN crystal growth rate (right) vs. ambient 
pressure at different gaps between the side crucible wall and the lid: 1, gap length A is 1 mm, 
gap thickness <5is 100pm, 2, A = 1 mm, 8= 50pm, 3, A = 10mm, 8= 100pm. 


proportional to the gap length and inversely proportional to the third power of the 
gap thickness. A1 and N 2 evaporate from the AIN source and then either deposit 
on the AIN crystal or escape from the crucible. The ratio of the deposited and 
escaped material depends on the external pressure and on tf. Figure 7.2 shows the 
computed dependencies of the AIN growth rate at the crystal center. As the exter¬ 
nal pressure decreases, a higher fraction of the material escapes from the crucible 
and the growth rate decreases. At a sufficiently low ambient pressure P a °, the crystal 
begins evaporating, with all vapors coming out from the crucible through the gap 
(negative growth rates). The value P a ° decreases with the gap hydraulic resistance 
(at a sufficiently high £, the crystal does not evaporate at an arbitrary small ambient 
pressure). The local AIN evaporation/growth rate is determined by the local super¬ 
saturation, both for the source and seed. The local interface flux on an AIN surface 
can be approximated as 

(PZ) 2 P™Jk(T)-1 

7 4/[3j8ai(T)JS] + l/[3 «n 2 /UT)P n w 2 ] 

Here, the quantity in the numerator is the local supersaturation that represents 
the driving force for the local AIN evaporation/growth, while the denominator 
corresponds to the local kinetic resistance. The distribution of the supersaturation 
over the crystal surface determines its evolution (Figure 7.3). Note that the absolute 
values of supersaturation are rather small due to the smallness of the relative 
temperature difference between the source and seed. 

The higher the local supersaturation, the faster the crystal grows there. At the 
very periphery, supersaturation is negative due to the species exchange between 
the crucible and the ambient through the ring gap (here, the vapor is enriched by 
N 2 and depleted in Al) and the crystal evaporates here, taking a fungi shape; the 
vapor escapes from the crucible through the gap (the last right streamline is 
directed to the gap). Computational results are in good agreement with the 
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Figure 7.3 Computed shape of AIN boule in 20h of growth (left) in comparison with the 
observed shape (right). Black lines with arrows are the streamlines, gray lines are the 
supersaturation isolines, numbers at the crystal surface are the local supersaturation values. 


observed crystal shapes. Using this model, we have optimized the growth condi¬ 
tions and crucible design, which eventually favored the growth of 2” diameter and 
up to 10 mm long AIN boules with a slightly convex shape providing a low defect 
content in the crystal. 


7.3 

Experiment 

Before our own AIN seeds became available, we used SiC seeds and two-stage 
technology to exploit the best features of different crucibles by avoiding interac¬ 
tion of W with Si and C that form easily melted eutectics and by limiting the 
incorporation of Si and C in C-rich environment: (i) seeding and initial growth of 
2-3 mm long AIN crystals on SiC seeds in TaC crucibles in graphite equipment 
and (ii) growth of bulk AIN crystals on the AIN seeds in tungsten crucibles and 
equipment. 

Another kind of two-stage procedure was reported by Sitar et al. [91] who used 
vaporization of Al (use of a metal vapor source is called the direct synthesis method 
by Nishino et al. [110]) at the first and AIN powder at higher temperature at the 
second stage; two-stage growth was also used by Dalmau et al. [Ill] with stages 
differing in the growth temperature and, thus, growth rate. 

7.3.1 

Pregrowth Processing 

Preparation of crucibles includes annealing of W ones to remove the adsorbed 
impurities and precarbonization of Ta (Figure 7.4). The crucibles are remarkably 
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Figure 7.4 Ta crucible completely covered with a layer ofTaC-Ta 2 C ceramics that is converted 
into TaCN during the growth to prevent the formation of easily melted eutectics (Ta-Si and 
Ta-AI) [112]. 


thermally and chemically stable and can endure over 3000 (1000) h of cumulative 
AIN growth in graphite (tungsten) equipment. 

The presence of oxygen is detrimental in AIN growth due to the formation of 
oxynitrides and enhanced formation of stacking faults [87]. Oxygen has a negligible 
effect on the growth rate itself, but can provoke at low temperature (e.g., during 
the heating of the system) generation of A1 2 0 3 inclusions [113] that, in turn, causes 
surface roughness [114]. The addition of hydrogen to the nitrogen during growth 
is beneficial [103]; alternatively, sources could be processed to reduce the oxygen 
content. High-purity AIN sources were prepared from commercially available AIN 
powders either by annealing in the N 2 atmosphere or by sublimation-recrystalli- 
zation, producing, respectively, dense porous or polycrystalline AIN source. The 
content of impurities in the AIN samples was studied at Kansas State University 
using glow discharge mass spectrometry (GDMS). Sublimation-recrystallization 
was found to be superior and accepted as a standard technique. SiC seeds are cut 
from 6H SiC bulk crystals as 0.5 mm thick round plates of different diameters 
(15-50mm). The SiC seeds are mechanically lapped and mounted onto the cruci¬ 
ble lid using C-based glue. 

To test the technique of lateral overgrowth of AIN crystals on small-diameter 
AIN seeds, we have also prepared AIN seeds from the previously grown AIN bulk 
single crystals as 0.5-mm thick and 15-18-mm diameter round plates. These seeds 
are similarly mechanically processed and mounted onto the crucible lid with AlN- 
based glue. 



7.4 Results and Discussion 

7.3.2 

Seeding and Initial Growth 

Use of SiC seeds in precarbonized Ta crucibles in graphite RF-heated furnaces is 
necessarily accompanied by the diffusion of Si and to a lesser degree of C into 
AIN. This process, along with the lattice and TEC mismatch, results in generation 
of defects at the SiC-AlN interface, such as micropipes inherited from SiC, disloca¬ 
tions, cracks, and others. Experiments show, however, that the growth of a 2-3- 
mm thick AIN layer leads to healing of these defects and eventually results in 
rather high crystal quality; the crystal surface has a distinct stepwise structure. 
X-ray diffractometry and topography of the grown AIN layers show FWHMs of the 
rocking curves in a ffl-scan to lie in the range of 60-120 arcsec. At the same time, 
the c-parameter of the crystal lattice is found to vary between 4.984-4.988 A, which 
suggests that the AIN layers contain high levels of impurities (the reference value 
of the c-parameter for pure AIN is 4.982 A). X-ray microanalysis with an SEM 
CamScan MX2500S shows 5-6% wt of Si and 1% wt of C in the AIN layers. The 
concentration of other impurities is less than 100 ppm. It is known that the typical 
temperature of AIN growth on SiC seeds is lower by 200-300 °C than that on AIN 
seeds [115]. Analysis of the three-phase thermodynamic equilibrium in the system 
Al/N/Si/C(vapor)-AlN(solid)-SiC(solid) allows the gaseous species that may be 
responsible for the more intensive AIN growth on SiC to be found. Calculation of 
equilibrium partial pressures of the most volatile species in this system (more than 
30 gaseous species were considered) showed that there are two “cross” volatile 
species (AlNC and Si 2 N) that may intensify AIN growth on SiC. 

7.3.3 

Growth of Bulk AIN Crystals 

The 2-3-mm thick AIN layers are mounted on the crucible lid. AIN bulk crystals 
10-20mm long are grown in W crucibles in W resistively heated furnace [96], the 
growth temperature was varied in the range of 2050-2250 °C, the N 2 pressure was 
varied in the range of 0.5-1 atm, and the AIN growth rate was of 50-150pm/h. 
Long AIN crystals grow for several tens of hours and often in several runs. 


7.4 

Results and Discussion 

Currently, the technology provides stable reproducible growth of 15-20 mm 
diameter and 10-15 mm long AIN single crystals. Post-growth processing includes 
calibration, slicing into plates, mechanical lapping-polishing, finishing chemical- 
mechanical polishing (CMP) performed at NOVASiC (this operation is known 
[116] to remove the subsurface damage due to the mechanical polishing that 
extends up to 4000A below the surface [13], and characterization. X-ray diffrac¬ 
tometry of the AIN substrates gives FWHMs of the rocking curves in o-scan of 
about 2-5 arcmin. Data of X-ray analysis are presented in [96]. The resistivity was 
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studied at Penn State University using a contactless resistivity mapping system, 
COREMA. Measurements showed that the resistivities are generally lower than 
10 5 Ohm cm that is the lower limit of the COREMA. These values are much lower 
than the reference resistivity of undoped semi-insulating AIN (10 n -10 13 0hm cm). 
We associate this result with the effect of residual impurities (primarily Si) that 
still remain in the AIN bulk crystals grown on the SiC seeds. Repeated use of the 
initial AIN layer separated from “primary” crystal [117] results in high-purity mate¬ 
rial with resistivity in the range of 3 x 10 9 -3 x lCfOhm cm, which is rather close 
to the reference values. 

Measurements of transmittance spectrum of the substrates (the sample thick¬ 
ness was 400 pm) in the UV range performed at Georgia Institute of Technology 
and at Helava Systems Inc. have shown that most of the crystals have average trans¬ 
mittance of 50-60% and demonstrate sharp cut-off between 250 nM and 320 nM. 

The surface roughness of the substrate is characterized by RMS of the epi-side 
about 0.2-0.3nm and RMS of the back side 1-2 nm. 

The surface acoustic wave velocity of bulk AIN crystals was measured at different 
frequencies and extrapolated to zero frequency, yielding the value of ~5750m/s. 

The best characterization of the substrate quality is through the quality of 
the epitaxial structure grown on it. The epitaxial structures were studied using 
transmittance and reflectance optical microscopy, high-resolution XRD diffrac¬ 
tion, cross-polarization. For example, the cathodoluminescence spectrum of the 
MOCVD grown AlGaN layer has a FWHM of about 10 nm. 

Currently, the technology has been “scaled” to the growth of 2” AIN single 
crystals (Figure 7.5). 



Figure 7.5 Transversal slice of 2-inch diameter 10mm long bulk AIN crystal having a 
single-crystal core of about 40 mm diameter and a polycrystalline rim. No cracks are present 
in the single-crystal core. 




References | 133 

7.5 

Conclusions 

The technology of sublimation growth of AIN bulk crystals has been developed 
that currently provides stable growth of 15-20-mm diameter and 10-15 mm 
long AIN single crystals. Repeated growth of a bulk AIN crystal on the initial AIN 
layer after separation of the first crystal results in a sharp increase of resistivity 
almost up to the reference value for pure AIN. The technology is scalable to 
grow large-diameter AIN bulk crystals. A 2-inch diameter and 10mm long AIN 
crystal with 40 mm diameter single-crystal core without visible cracks has been 
demonstrated. 
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Interactions of Dislocations During Epitaxial Growth ofSiC 
and GaN 

Jochen Friedrich, Birgit Kallinger, Patrick Berwian, Elke Meissner 


8.1 

Introduction 

The market for compound semiconductor substrates including SiC and GaN 
will double its volume from approximately 600 million US$ in 2005 to approxi¬ 
mately 1.2 billion US$ in 2012 according to a recent survey [1]. However, the 
produced area of all compound semiconductor wafers is still less than 1% of the 
area of the silicon wafers produced for microelectronic applications [1]. Among 
others one contribution to the dominance of silicon is the fact that silicon crys¬ 
tals can be grown dislocation free due to the necking procedure invented by Dash 
[ 2 ], 

On the other hand, in 4H-SiC and GaN, which are forecasted to have the strong¬ 
est growth rates within the compound semiconductor market, the current disloca¬ 
tion density is typically between 10 4 -10 5 cm -2 for 4H-SiC and even 10 5 -10 9 cm -2 for 
GaN. The presence of a special type of dislocations-the so-called micropipes (MP) 
which are known to be hollow-core screw dislocations [3]-has dominated the poor 
material quality of SiC over the last two decades and hindered the commercializa¬ 
tion of 4H-SiC devices. In the 1990s the MP density was still several hundred cm -2 
in SiC substrates. Around the year 2000 the MP density dropped below 100cm -2 
in production grade 4H-SiC substrates with 3” diameter [4]. This was an important 
milestone for the market introduction of commercially produced Schottky diodes 
in 2001 [5]. Since this breakthrough the MP density has dropped further . Intense 
research was carried out to develop and utilize different techniques for the MP 
reduction [6-11]. Due to the large progress that has been achieved over recent years 
4H-SiC wafers with 100 mm diameter and a MP density of zero cm -2 [12] are com¬ 
mercially available today. Therefore, it is believed that MPs will not be the show- 
stopper for the further commercialization of SiC devices in the future. 

As the MP densities are sufficiently low for device production, other dislocation- 
related defects came into focus to be limiting the performance and reliability of 
SiC devices. The future exploitation of SiC power electronic devices will be influ¬ 
enced by whether it is possible to minimize the formation of such dislocation- 
related defects. Therefore, this article will address especially the behavior of basal 
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plane dislocations during homoepitaxial growth of 4H-SiC that are believed to be 
responsible for the degradation of bipolar SiC power devices [13]. 

At the moment, GaN layers grown heteroepitaxially on sapphire or SiC sub¬ 
strates are mainly commercialized in the form of blue and white LEDs. This is 
due to the fact that the performance of those devices is not significantly influenced 
by the dislocation content of the material. On the other hand, for blue GaN laser 
diodes or high-power LEDs the dislocations do have a remarkable impact and 
dislocation densities below 10 6 cm 2 are required. Several procedures are investi¬ 
gated and used during device fabrication to reduce the dislocation content. The 
underlying physical mechanisms of the behavior of the reduction mechanisms of 
dislocations in GaN will be compared in the second part of this chapter to the 
dislocation reactions found during epitaxial growth of SiC. 


8.2 

Classification, Nomenclature and Characterization of Dislocations in SiC and GaN 

In general, dislocations are classified according to their Burgers vector h and their 
line vector l, the angle £ between b and I, and their glide plane that is spanned by 
b and l. If the Burgers vector b is perpendicular to the dislocation line l (£(l,b) = 90°), 
the dislocation is called an edge dislocation. If the Burgers vector b is parallel to 
the dislocation line l (£(l,b) = 0°), the dislocation is termed a screw dislocation. For 
a mixed-type dislocation the angle £(I,fc) is between 0 < £<90°. 

Both 4H-SiC and GaN have a hexagonal crystal lattice with wurtzite structure. 
For both materials, typically wafers and epitaxial layers with (0001) surfaces are 
used. In this case, dislocations that propagate in the <0001> growth direction 
during epitaxy are called “threading dislocations”, whereas dislocations with a line 
parallel to the (0001) surface are named “basal plane dislocations”. It is important 
to note that in 4H-SiC both threading dislocations as well as dislocations within 
the basal plane can easily penetrate from the substrate into the epitaxial layer 
during epitaxial processing because the (0001) Si-face substrate typically has an off- 
orientation of 4° or 8° towards <ll-20>. The usage of off-oriented substrates is 
mandatory for SiC. The off-orientation enhances the polytype reproduction in the 
epilayer by step-flow growth mode [13, 14]. In the case of GaN, the off-orientation 
is typically 0.2° or less relative to the (0001) plane (Ga-face), and is thus much 
smaller than in SiC. This means that only threading dislocations and not disloca¬ 
tions moving in the basal plane will proceed from the substrate into the active area 
of the device. 

Although in both materials the dislocations are of the same type due to the same 
crystal structure, a different nomenclature has evolved historically for the disloca¬ 
tions in SiC and GaN. Their classification and nomenclature is compiled in Figure 
8.1. In 4H-SiC the most important types of dislocations are named threading screw 
dislocations (TSD), threading edge dislocations (TED), and basal plane disloca¬ 
tions (BPD). In GaN the dislocation are typically called c-type, mixed type, or a-type 
dislocations regardless of their propagation direction. 
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or 
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Figure 8.1 Comparison of the nomenclature 
for some dislocations in wurtzite materials 
GaN and SiC. Dislocations with Burgers 
vector b = <0001> (c-direction) that 
propagate along their line vector / in the 
c-direction are called threading screw 
dislocations (TSD) in 4H-SiC and c-type 
dislocations in GaN. A-type dislocations are 
named all dislocations in GaN with Burgers 
vector b = 1 /3 <11 —20> (a-direction) 
independent of the glide plane. In 4H-SiC the 
dislocations with Burgers vector b = 1 /3 


<ll-20> are further classified into threading 
edge dislocations (TED) which propagate 
along the c-direction (line vector / = <0001 >) 
and basal plane dislocations (BPD) 
propagating within the basal plane (/ lies in 
the a- or m-direction). In GaN, dislocations 
with Burgers vector b = 1/3 <11 —23> that are 
either in the prismatic or pyramidal glide 
plane are called mixed or (a + c)-type 
dislocations. This type of dislocations is so 
far not reported to appear in SiC. 


In order to characterize and count the dislocation density at the surface of SiC 
and GaN samples, the most frequently used method is defect selective etching 
(DSE). DSE gives an etch pit at the penetration point of the dislocation at the wafer 
surface, because the etching rate in the vicinity of the dislocation is increased in 
comparison to the surrounding matrix due to the distorted crystal lattice [15-18]. 
The morphology and the size of the etch pit are characteristic for the type of dis¬ 
location, its Burgers vector and depend on the doping level of the considered 
material and also strongly on the etching conditions (etchant, temperature, time, 
illumination, etc.). Under optimized etching conditions all different types of dis¬ 
locations are revealed on the wafer and the dislocation density can be determined 
as etch pit density (EPD). 

The most frequently used procedure of DSE is to etch 4H-SiC in molten KOH 
at around 500°C for 5-10min and GaN in the eutectic mixture of a KOH-NaOH 
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Figure 8.2 Typical etch patterns on a 4° 
off-axis 4H-SiC sample (n ~ 10 l5 crrT 3 ) after 
defect selective etching in molten KOH at 
500°C for several minutes. The oval-shaped 


pit corresponds to a BPD, small roundish or 
hexagonally shaped etch pits to TED and 
large hexagonal etch pits to TSD. 


melt at around 400-450°C for 2-5 min. In general, one can distinguish in both 
materials between small, medium and large hexagonally shaped etch pits after 
DSE. In addition, oval-shaped etch pits are visible in 4H-SiC samples. Figure 8.2 
illustrates such typical etch pits generated after DSE on SiC samples. A survey of 
the current status of DSE of SiC and GaN can be found in [15]. 

DSE is a very simple and efficient method to quantitatively determine the dis¬ 
location density. However, it is an indirect method. It requires that complementary 
direct methods for the determination of dislocations’ Burgers and line vectors are 
applied in order to prove that all different types of dislocations are really visible as 
characteristic etch pits on the etched sample. Such direct methods are for example 
transmission electron microscopy (TEM) as well as X-ray topography (XRT). In 
both methods, a dislocation gives a contrast on the micrograph, which depends 
on the type of the dislocation and the applied diffraction conditions [19, 20]. 

For an analysis of dislocations by TEM the dislocation density in the material 
must be high enough (>10 8 cm~ 2 ) in order to detect them with high probability. 
XRT is well suited for better material quality, that is, for a dislocation density 
<10 5 cm~ 2 , so that each single dislocation can be identified in the XRT image. 
Therefore, TEM analysis is typically used for GaN to determine the type of disloca¬ 
tion at etch pits generated by DSE due to the large number of dislocations present 
in GaN epitaxial layers [17]. In the case of 4H-SiC the correlation of etch pits with 
the type of dislocations is usually done by XRT measurements due to the smaller 
total number of dislocations. A recent study confirms that in n-type 4H-SiC 
the small and large etch pits can be attributed to TEDs and TSDs [18] at least for 
samples with n — 10 15 -10 17 cm“ 3 and that the oval-shaped etch pits represent BPDs 
independent of the n-doping level (see also Figure 8.2). For highly n-type 4H-SiC 
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the direct correlation of the size of the etch pit to TED and TSD is not absolutely 
clear so far [18]. 


8.3 

Conversion of Basal Plane Dislocations During SiC Epitaxy 

8.3.1 

Experimental Strategies for Obtaining High Conversion Rates 

Basal plane dislocations (BPD) are considered to be detrimental for the reliability 
of bipolar devices for blocking voltages >2kV. Here, BPDs can trigger the forma¬ 
tion and expansion of stacking faults during device operation that finally result in 
significant changes of the device characteristics [14]. The usage of off-oriented 
substrates allows that BPDs in the substrate can easily penetrate into the epitaxial 
layers during homoepitaxial processing. As a consequence, they are present in the 
active volume of the devices. This is illustrated in Figure 8.3. 



Figure 8.3 Illustration of the propagation 
direction of different dislocation types (BPD 
bold solid line, TED dotted line, TSD dashed 
line) in 4H-SiC. (a) On-axis substrate: TSD 
and TED will proceed parallel to the growth 
direction, BPD are perpendicular to the 
growth direction and will not propagate into 
the epitaxial layer; (b) Off-axis substrate: the 
dislocation lines of TSD and TED are slightly 
tilted to the surface, BPD can penetrate to 


the surface; (c) On a defect selectively 
etched off-axis substrate the oval-shaped, 
shallow etch pits at the penetration point 
of BPDs reveal locally on-axis conditions, 
the deep etch pits ofTEDs and TSDs have 
a hexagonal shape; (d) During epitaxial 
growth on the etched substrate TEDs and 
TSDs will keep their propagation direction, 
whereas the BPDs become unstable and 
convert to TEDs. 
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The 4H-SiC substrates typically exhibit a BPD density in the range of 10 3 to 
10 4 cm“ 2 [21]. So far, the origin for the formation of the BPDs during bulk crystal 
sublimation growth is not well investigated and also no strategies are undertaken 
to avoid them. Therefore, it is necessary to identify measures for BPD reduction 
during homoepitaxy. Fortunately, a large fraction of the BPDs are more or less 
automatically converted into threading edge dislocations (TED) during epitaxial 
processing [21-24]. It is important to note that by this mechanism the total disloca¬ 
tion density in the epitaxial layer is not reduced compared to the initial dislocation 
density of the substrate, only the number of BPDs is decreased, but at the same 
time the number ofTEDs is increased. Nevertheless, the remaining BPD density 
is typically 10 2 cm~ 2 after a standard epitaxial growth run [21]. This is considered 
to be still too high for reliable device operation. 

It is known from the literature [21-24] that the conversion rate from BPDs into 
TEDs during epitaxy depends, among other parameters on the off-axis angle, Si- or 
C-face of the {0001} 4H-SiC substrate, substrate preparation such as KOH etching 
and epitaxial growth parameters like C/Si ratio and growth rate. In particular, the 
approach to etch the substrates in molten KOH prior to epitaxial growth seems to 
be very efficient in order to achieve BPD free 4H-SiC layers [23]. This patented 
procedure consists of 4 steps: (i) KOH etching of the off-axis substrate; (ii) conver¬ 
sion of BPDs into TEDs during growth of a thick (50-pm) epitaxial layer; (iii) 
planarization down to 5 pm of the epitaxial layer thickness; (iv) growth of the final 
epitaxial layer for the device. These steps are explained in the following in more 
detail: 

The etch pits generated on the substrate after step 1 (KOH etching) favor the 
conversion of the BPDs to TEDs at the beginning of step 2 (growth of thick layer) 
because the oval-shaped etch pits generate locally an on-axis surface on which the 
BPDs are unstable [14]. However, due to the etch pits generated on the substrate 
prior to epitaxy, the as-grown surface exhibits deep depressions and the grown 
layer cannot be used for device processing. Therefore, it is necessary to planarize 
the surface. This planarization step requires the growth of a relatively thick BPD 
free epitaxial layer (step 2) which is repolished (step 3) to get a plane, BPD-free, 
and subsurface-damage-free surface that serves as the starting point for the deposi¬ 
tion of the final active layer (step 4). In summary, it can be stated that this proce¬ 
dure [23] allows BPD-free SiC layers to be obtained, but it is a time-consuming 
and very expensive procedure. 

Alternative ways are currently under investigation for complete BPD conversion 
at less effort. It has been shown in [21] that several single modifications of the 
epitaxial growth process are less effective than the KOH etching procedure in order 
to enhance the conversion efficiency from BPDs into TEDs. These measures 
include various pretreatments of the substrate as well as the variation of a single 
epitaxial growth parameter. However, it is also reported in [21, 25] that by applying 
a combination of well-suited epitaxial parameters conversion ratios can be achieved 
that are comparable to KOH etching results (see Figure 8.4). Under such opti¬ 
mized growth conditions the BPD density can be reduced from 10 3 -10 4 BPD/cm 2 
in the substrate down to less than 3 BPD/cm 2 in the epitaxial layer. This excellent 
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Figure 8.4 Ratio of BPD density to the etch 
pit density (EPD) in the epilayer (%) for 
different samples. All BPDs of the substrate 
are converted to TEDs in the epitaxial layer in 
case of epitaxial growth on a KOH etched 


substrate (sample 4) and an epitaxial layer 
deposited on an epi-ready substrate applying 
a certain combination ofepi-growth 
parameters (sample 16). For more details 
see [13], 


conversion ratio has been proven by XRT measurements carried out on the same 
sample before and after the epitaxial growth run [18]. As stated above, such low 
BPD values are thought to be an important prerequisite for manufacturing reliable 
bipolar 4H-SiC devices in the future. 

8.3.2 

Driving Force for BPD Conversion 

The underlying mechanism that forces the BPD to convert to TED during SiC 
epitaxy is the tendency of the dislocation to minimize its elastic energy W. The 
elastic energy W of dislocations per unit of grown layer thickness is proportional 
to the line energy of the dislocation E and to the angle /between the dislocation 
line l and the growth normal [26, 27]. 

W = -^— (8.1) 

cos/ 

As the line energies E of BPDs and TEDs were found to be almost equal [24], 
the elastic energy during growth W can be mainly influenced by the length of 
the dislocation line I, which depends on the angle / of the dislocation line to the 
normal n of the growing surface [26, 27] (see also Figure 8.5). From this rough 
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n growth direction 
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. 


1 * 

dislocation with b 


Figure 8.5 The dislocation with Burgers vector b propagates along its dislocation line I. The 
angle /is the angle between the dislocation line / to the normal n of the growth direction. The 
effective length of the dislocation d along the growth direction is d = I cos / 


energetic consideration it follows that even without etching the energy of the TEDs 
W TED — l/cos8° is smaller than the energy of the BPDs W BPD ~ l/cos82° in case 
of an 8° off-oriented SiC substrate. Therefore, a fraction of the BPDs will convert 
into TEDs during a standard epitaxial process (see Figure 8.3). 

This conversion ratio can be increased for a given off-oriented SiC substrate by 
the KOH etching procedure, because a quasi-on-axis surface is generated locally 
in the vicinity of the BPD [14]. The consequence is that y becomes 90 ° for the BPD 
on an etched substrate. Thus, the elastic energy of the BPD W BPD - l/cos90° is 
much higher than the corresponding value of the TED W TED — l/cos0° and the 
conversion efficiency is much higher than for unetched substrates. 

From this simple consideration it can be concluded that one has to modify the 
surface morphology of the growing interface during epitaxial processing in such 
a way that the elastic energy W becomes minimum. This modification can be 
achieved either by the ex-situ etching procedure [23] or by an adjustment of the 
epitaxial growth parameters to influence the step geometry in the desired way [25]. 


8.4 

Reduction of Dislocations During Homoepitaxy of GaN 

8.4.1 

Objectives and Techniques 

The principle of minimization of the elastic energy of dislocations in the vicinity 
of a grown crystal surface is not only actively used in SiC to obtain BPD-free 
material, but it is also an important basis to influence the propagation of disloca¬ 
tions during epitaxial growth of GaN layers. Thereby, the goal of influencing the 
dislocations in GaN is different in comparison to SiC. In GaN the main goal is 
a real reduction of the total number of (threading) dislocations rather than a 
conversion of one type of dislocations into another type, as it is the case in SiC. 
The real reduction of the overall dislocation density is necessary because the 
number of dislocations in GaN layers is typically 3-5 orders of magnitude higher 
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than in SiC and is harmful for the lifetime and performance of GaN-based devices 
[28, 29]. 

In GaN, basal plane dislocations are less important for device operation as 
compared to SiC because the epitaxial growth of GaN layers usually takes place 
on almost on-axis (0001(-oriented surfaces and the BPDs can not propagate into 
the active device layers. The strategy for a real dislocation reduction in GaN 
consists of three measures: (i) prevent threading dislocations from proceeding in 
the c-direction; (ii) enhance the probability of recombination and annihilation of 
dislocations; and (iii) force the remaining threading dislocations to continue to 
proceed mainly in the basal plane during epitaxial growth, that is, perpendicular 
to the [0001] growth direction. 

Well-established epitaxial methods that can achieve the objectives 1 to 3 are the 
techniques epitaxial lateral overgrowth (ELO) [30], dislocation elimination by 
inverse pyramids (DEEP) [31], or the utilization of SiN, interlayers [32]. Common 
to all these methods is that the growth surface is patterned in a way that growth 
pyramids with side facets having a steep angle relative to the (OOOl)-surface can 
form locally during epitaxial growth. An alternative way to form such facets is 
solution growth of GaN layers on MOCVD GaN seed layers. By using the Na-flux 
method [33, 34], the high-pressure solution growth method (HPSG) [35, 36] or the 
low-pressure solution growth method (LPSG) [37-39] three-dimensional growth 
islands with side facets are formed in situ during the initial growth stage and a 
reduction of the dislocation density is observed. Even in a conventional, but opti¬ 
mized MOCVD process such growth conditions can be realized [40]. 

8.4.2 

Driving Force for Dislocation Reduction 

The occurrence of three-dimensional growth islands with distinguished side facets 
is an important feature of efficient dislocation reduction procedures. The underly¬ 
ing reduction mechanism was investigated in detail by using transmission elec¬ 
tron microscopy (TEM) and additional theoretical considerations [38]. 

In the vicinity of such a facet the dislocation can minimize its energy when the 
dislocation line l can bend from the original threading c-direction towards the 
normal of the side facet by the bending angle p [26, 27, 38] (see Figure 8.6). This 
energy corresponds to the energy W defined in Equation 8.1. The condition that 
W = E/cosy will be minimum is fulfilled for a certain bending angle p. P depends 
on the dislocation type (E is a function of Burgers vector, dislocation line l, and 
the glide plane), and also on the facet angle a [38]. The bending angle of the dis¬ 
location P as well as the facet angle a can be easily correlated to the angle /used 
in Equation 8.1 for the angle between the dislocation line l and the normal of the 
growing interface. Simple geometrical considerations as sketched in Figure 8.6 
give y= a - ft. 

The facet angle a depends on the growth conditions and applied epitaxial tech¬ 
niques. It was found by TEM analyses that during the initial growth stage shallow 
side facets with a = 32 0 ({1-103}) and with a = 25 ° ({1-104}) are the most frequent 
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Figure 8.6 During the initial stage 
with side facets are formed on a c- 
substrate. The angle a is the angle 
side facet relative to the c-direction 

on with b 
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dislocation with Burgers vector b propagates 
in the substrate along its dislocation line / 
that is assumed for simplicity to be parallel 
to the c-direction. Due to the presence of the 
side facet the dislocation will bend towards 
the normal n of the side facet. The bending 


growth direction. The effective length of the 
dislocation d along the growth direction is 
d = I cos y. The relation for the bending angle 
P, the angle yand the facet angle a holds: 

90° = P + y + (90° - a). 



Figure 8.7 Line energy of a dislocation 
(normalized) as a function of the facet angle 
and the bending angle relative to the 
c-direction for the three typical dislocation 
types in GaN. (a) a-type Burgers vector, (b) 

(a + c)-type Burgers vector, (c) c-type Burgers 


vector. The minima of the respective curves 
are marked by arrows, indicating the 
theoretically expected bending angle p for the 
side facets taken into account in the present 
calculations. 


in LPSG samples grown from Ga- and Ge-containing solutions [38, 39]. Steeper 
facets can be achieved for example by adding Si to the solution in the LPSG process 
[41], respectively, to the gas atmosphere during MOCVD growth [42]. ELO samples 
exhibit typically {1-101}, {11-22} side facets with an angle a > 45° [43]. 

Theoretical considerations that were confirmed by corresponding experimental 
observations show that an energy gain caused by the bending of dislocations is 
larger the steeper the side facets [38] (see also Figure 8.7). Furthermore, it is 
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obvious from Figure 8.7 that the bending angle /3 increases also with increasing 
facet angle a [38]. 

Therefore, for solution growth techniques with shallow facets (a < 32°) the 
energy gain is not very pronounced when the dislocation bends. In particular, 
c-type dislocations are energetically already in a favorable situation. Furthermore, 
the bending angle /3 would be relatively small (/3 < 45 °) and will therefore not 
remove the dislocation relative to the epitaxial surface. 

For ELO techniques with steeper facets (a > 45 °) the energy gain becomes larger 
when the dislocations bend from the c-direction towards the normal of the facets. 

This driving force is much larger for all types of dislocations including c-type, 
compared to a case with shallow facets. For such steep facets occurring during 
ELO the bending angle /3 can be even 90°. A bend by = 90° into the basal plane 
removes completely the dislocation from the further growing layer because it 
becomes perpendicular to the macroscopic growth direction. 

But, smaller bending angles /3 < 90° can be beneficial as well, due to the fact 
that any change in line direction will increase the probability that during further 
growth the dislocations can come close enough and can either annihilate (two 
dislocations removed) or recombine (one dislocation removed). Flowever, the 
smaller the bending angle /3 is the longer the growth of the islands with side facets 
has to be maintained in order to reach the necessary critical interaction distance 
for the dislocations. From such simple considerations it is also obvious that the 
reduction mechanism by bending of dislocations and further reactions only works 
if the initial dislocation density is high. The smaller the dislocation density the 
larger the distance becomes between the dislocations and the smaller the probabil¬ 
ity is that dislocations can meet and react based on the bending mechanism. 

By using this bending mechanism, for example, solution-grown GaN layers 
grown on MOCVD seed layers (with an initial dislocation density of 10 9 -10 10 cm -2 ) 
can typically achieve dislocation density values of 10 7 -10 8 cm -2 . Multiple layer 
growth by a sequence of solution-growth experiments on one sample confirms 
that the bending mechanism becomes inefficient for an initial dislocation density 
of the seed layer of below 1 x 10 6 cm~ 2 [35]. Both the small facet angle resulting in 
only a small energy gain and the small bending angle are responsible for the fact 
that these methods still do not reach the reduction efficiency of patterning tech¬ 
niques like ELO and related techniques. The steep facets created by the patterning 
technique increase the recombination efficiency of bent dislocations as well as the 
probability that dislocations bend into the basal plane. As a result, a particular 
fraction of the wafer area of such GaN samples exhibits locally a dislocation density 
as low as 10 5 -10 6 cm -2 that is an important perquisite for blue GaN laser diodes 
with lifetimes of >10000h [31]. Flowever, other areas of those wafers are not 
usable. 

Lower values of the dislocation densities are up to now only reported for free 
standing GaN platelets grown without a foreign substrate, thereby avoiding the 
formation of misfit dislocations. Examples are GaN substrates grown by the high- 
pressure solution growth (10 2 -10 3 cm~ 2 ) [44], as well as by the ammonothermal 
method (10 3 -10 4 cm“ 2 ) [45]. 
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8.5 

Conclusions 

For many types of SiC and GaN devices a significant reduction of dislocation 
densities is mandatory from a technological point of view. As long as no bulk 
crystals are available with very low dislocation densities this can only be achieved 
by promoting dislocation reactions during epitaxy like bending and annihilation 
using the principle of energy minimization. This technique has been successful 
up to a certain degree. Unfortunately, the most effective techniques like ELO or 
DEEP are quite complicated and expensive. Some simpler strategies, like nuclea- 
tion of islands during epitaxial growth, cannot reach dislocation densities suffi¬ 
cient for all types of devices. In the long run, when it comes to manufacturing 
higher performance devices there seems to be no way of circumventing the devel¬ 
opment of bulk substrate growth processes with lower dislocation densities. 
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Low-Temperature Growth of Ternary lll-V Semiconductor 
Crystals from Antimonide-Based Quaternary Melts 

Partha.S. Dutta 


9.1 

Introduction 

III-V compound semiconductors are being used for a multitude of electronic 
and optoelectronic applications [1]. These compounds are also turning out to be 
promising candidates for emerging technologies such as in terahertz, nonlinear 
optics, electro-optics, infrared sensing, and thermophotovoltaics [2-23]. Most of 
the current applications are being accomplished by the limited choice of binary 
compounds (such as GaAs, GaSb, InP, GaP, InAs, InSb) that are readily available 
from commercial vendors. The binary compounds provide few discrete lattice 
constants and bandgaps. The availability of compounds with any bandgap and any 
lattice parameter would certainly expand the scope of III-V semiconductors for 
new applications as well as help improve the performances of existing devices that 
are being fabricated using binary substrates. By using ternary compounds, one 
can tune the lattice parameter or the bandgap energy of the material by choosing 
appropriate chemical compositions [24, 25]. In spite of four decades of research 
on ternary semiconductor materials ([26-28] and references therein), substrates 
are still not readily available from commercial vendors in large scale. The inherent 
problems in growing ternary crystals from melts and potential solutions, have 
been described in detail in this author’s recent article [28]. Much of the ternary 
crystal-growth research and development to-date has been focused on low-bandgap 
compounds, GalnAs and GalnSb (see extensive references in [28], [29-36]). The 
growth of larger bandgap ternaries of phosphides and arsenides is still in its 
early stages and requires additional innovations in melt chemistries to enable 
high-quality substrates to be obtained. This chapter presents a new pathway for 
growing high vapor pressure ternary compounds (GalnP, GaAsP, AlGaP, etc.) at 
low growth temperatures (1000-1100 °C) using quaternary melts containing binary 
antimonides. The focus of this chapter will be on the melt composition and 
growth temperature necessary to grow ternary crystals of any desirable alloy com¬ 
position. Crystal-growth configurations and parameters such as melt replenish¬ 
ment and mixing that are generic to ternary crystal growth [28, 37] will not be 
discussed here. 
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9.2 

Crystal Growth from Quaternary Melts 

Based on thermodynamic calculations and analysis of the solid phase formation 
from multicomponent III-V melts, it was predicted that quaternary melts could 
produce binary, ternary or quaternary compounds depending on the melt tem¬ 
perature and the melt composition [38, 39]. Using GaiJta-.ASySb!-,, melts, the 
growth of Ga^In^As crystals of limited compositions and Ga^Jn^As thin films 
has been demonstrated [38, 40-43]. The usage of quaternary melt enables the 
growth of ternary crystals at lower temperatures compared to that possible using 
pseudobinary phase diagrams (such as GaP-InP, GaAs-InAs, etc.) [41, 42, 44]. 
Moreover, for pseudobinary melts, there is a single melt composition and growth 
temperature corresponding to any solid composition. On the other hand, the 
quaternary melts have two degrees of freedom. It is possible to grow a specific 
alloy composition at various temperatures by choosing different melt composi¬ 
tions. For example, Ga 0 .8lno. 2 As can be grown at any temperature in the range of 
900 °C and 1100 °C using different Ga!_Jn x As y Sbi_y melt compositions. This extra 
degree of freedom requires extensive and careful understanding of the variation 
in the crystal composition during the growth at various growth temperatures. 
There is a wide range of temperature (for each alloy system) for which phase 
diagrams need to be generated (such as in references [45—47]) and experimentally 
verified. This could take several years since thermodynamic phase diagram calcula¬ 
tions using a Gibbs free energy minimization software requires extensive and 
reliable materials database that are currently unavailable. Hence, significant fun¬ 
damental experimental research efforts are necessary before this concept can be 
put into practice for large-scale crystal growth. In the absence of such information, 
this chapter presents a systematic and unified approach towards the practical 
development of bulk crystal-growth process of ternary III-V semiconductors from 
quaternary melts. 


9.3 

Advantages of Quaternary Melts 

Quaternary melts provide numerous attractive features during crystal growth, 
especially for high melting point and high vapor pressure P- and As-based com¬ 
pounds. Bulk growth of ternary crystals containing Al-In-Ga-As-P is very difficult 
due to the high vapor pressures of P and As at the high growth temperatures 
dictated by the pseudobinary phase diagrams such as AlP-GaP, GaP-GaAs, GaAs- 
InAs, etc. [26, 48]. Special crystal-growth configurations are necessary for the 
synthesis and growth of these compounds [48-54]. For example, a stainless= 
steel=lined pressure vessel designed for 150-170 atmospheres and continuously 
operating at 60-70 atmospheres is necessary for InP growth. While binary crystals 
such as GaP and InP are routinely grown in the industry with established proc¬ 
esses, ternary and quaternary crystals such as GalnP, GaAsP, etc. are difficult to 
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grow. This is due to the slow growth rates necessary for the ternary crystals and 
the need for melt mixing and replenishment during growth [28]. These require¬ 
ments would make the crystal-growth equipments extremely complex and difficult 
to monitor during operation. Hence, lowering the growth temperature is desirable 
such that the vapor pressures of P and As can be easily handled. 

Traditionally, low-temperature growth of ternary and quaternary compounds 
from Ga- and In-rich solutions have been implemented during liquid phase epi¬ 
taxial (LPE) growth of thin films. This approach has been used for growing bulk 
crystals from low-temperature solutions [55]. However, there are several experi¬ 
mental difficulties such as: (i) very low solubility of compounds in the elemental 
solutions making solute feeding difficult to implement during ternary growth; (ii) 
extremely low growth rates necessary to obtain metallic inclusion-free crystals; (iii) 
oxide scum on the Ga and In solutions that can impede seeding during bulk crystal 
growth; (iv) inability to provide effective melt encapsulation during growth; and 
(v) sticking of metallic solutions to the crucible walls and crystals making it 
extremely difficult to extract Bridgman-grown crystals. Figure 9.1 shows a Ga^^In^P 
crystal grown from an indium-rich Ga-In-P solution. The crystal is embedded 
inside the left-over indium-rich solution. The indium stuck to the silica crucible 
can be seen. Such a crystal can be extracted only by chemical etching of the indium 
in nitric acid. This process is quite tedious and often damages the crystals to some 
extent. In addition, metallic inclusions at the surface of the crystals damage the 
saw blades and wires during wafer slicing. 

The growth temperatures for ternary alloys from quaternary melts are higher 
compared to the ternary solutions (such as Ga-In-As), but significantly lower 
compared to the pseudobinary melts. There are several technical advantages in 
using the quaternary melt: (i) since the quaternary melts can be prepared from 
presynthesized binary compounds, it enables the usage of liquid encapsulations 
during the growth [56, 57]; (ii) sticking of the melt to the crucible and crystal is 



Crystal embedded Indium stuck to 

in Indium crucible wall 


Figure 9.1 A Ga, _,ln*P crystal embedded inside the indium-rich growth solution. The indium 
stuck to the crucible wall can be seen. 
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not an issue; (iii) the solubility of binary compounds in significantly higher in 
quaternary melts, making solute feeding possible during ternary growth; (iv) 
crystal growth rates are significantly higher compared to solution growth; (v) 
seeding during a typical Bridgman growth becomes possible. In addition, due to 
lower growth temperature, the vapor pressure control for P- and As-based com¬ 
pounds becomes manageable. In fact, all crystals grown during this study were 
contained in sealed crucibles in furnaces without any external gas pressure or 
high-pressure vessel. Lower growth temperatures would also reduce native defects 
leading to improvements in the electrical and optical properties of the grown 
alloys. The opportunity to use a variety of melt compositions at different tempera¬ 
tures for the same crystal composition is extremely helpful for tuning the electrical 
and optical properties of the material. It must be mentioned that the ternary crys¬ 
tals grown from quaternary melts do contain residual amounts of the fourth 
element that can provide strain relaxation in the crystal and alloy hardening, thus 
improving the crystalline quality of the material. The effects of residual additive 
on the lattice parameter and the bandgap of ternary crystals are negligible. 

Another interesting feature that has been observed during the growth of GalnAs 
thick layers on GaAs from GalnAsSb quaternary melt is the presence of a self- 
compositionally graded transition layer between a binary seed and the ternary 
crystal [41, 42]. The thickness of this graded region can be in the range of 10- 
100 pm depending on melt composition. Beyond the graded region, thick layers 
(-100 pm) of extremely uniform ternary compositions have been obtained. Typi¬ 
cally, during solution growth (LPE), the composition of the layers changes within 
a few pm from the initial growth interface. This process can be used to grow 
ternary seeds of a desired composition starting from a binary seed and quaternary 
melt by the simple Bridgman or gradient freezing method without the need for 
any sophisticated grading procedures. 


9.4 

Synthesis and Bulk Crystal Growth 

In this section, we will discuss the growth temperatures and quaternary melt 
compositions that are necessary for the growth of various ternary alloy systems. 

The synthesis and growth experiments were carried out in sealed crucibles in 
the experimental configuration shown in Figure 9.2. Presynthesized binaries of 
InSb, GaSb, AlSb, InAs, GaAs, InP and GaP were used for our experiments. Due 
to their unavailability, AlAs and A1P were not used as starting materials. Silica 
(quartz) crucibles were used for the non-Al-based compounds. For Al-based com¬ 
pounds, alumina crucibles (long tubes closed on one end) were used to hold the 
melt. The alumina crucibles were placed inside silica crucibles and sealed under 
vacuum. 

In general, the quaternary melts can be prepared using various combinations 
of binary constituents. For example, the Gai_Jn. t As 1 _ } ,Sb ) , quaternary melt can be 
synthesized from the four constituent binaries (GaAs, GaSb, InAs and InSb) such 
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InAs Ceramic 

Solute Sealed Quartz Insulation 


Melt 


Multi-zone 


Crucible 
(d) Support 


Figure 9.2 Schematic diagram of the 
quaternary melt preparation and ternary 
crystal growth from quaternary melt using 
vertical gradient freeze (VGF) method inside 
a sealed crucibles. The four stages are 
depicted for the growth of Ga,Jn,,As crystal 
from GaiJn^Asi-ySby melt: (a) at the 


beginning of the experiment, (b) after 
Ga,_ x ln x Sb solvent has been prepared, (c) 
during dissolution of InAs by GayJn^Sb 
solvent to form a quaternary Ga^ln^As^Sby 
melt, and (d) during the directional 
solidification of the crystal. 


as by: (i) melting GaSb and InAs together, (ii) dissolving GaAs in InSb, (iii) dis¬ 
solving InAs in a GaSb-InSb melt, (iv) dissolving GaAs and InAs in InSb or GaSb. 
The final melt composition depends on the sequence in which the dissolution 
process is implemented using different binaries. For example, if the InAs is dis¬ 
solved in InSb first, the solubility of GaSb or GaAs is lower than if the latter were 
dissolved in InSb first. However, if the binaries are mixed in exact quantities and 
heated to the liquidus temperature of quaternary alloy composition, the sequence 
of dissolution does not matter. For example, to prepare a Gao.iIno.gAso.sSbo.s melt, 
one can either mix (i) 10 mole% GaAs, 50 mole% InSb and 40 mole% InAs or (ii) 
10 mole% GaSb, 40 mole% InSb and 50 mole% InAs beyond its liquidus tempera¬ 
ture. Due to inadequate experimental data for the liquidus temperature and com¬ 
position for quaternary systems, it is important to design systematic pathways for 
the crystal-growth process as described below for various alloy systems. 

To quantitatively understand the role of quaternary melt composition on the 
ternary crystal composition, we used a two-step melt-synthesis process in our 
experiments. In the first step, a pseudobinary melt comprising of at least one Sb- 
based binary (InSb, GaSb or AlSb) is prepared. Literature data for pseudobinary 
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phase diagrams are reasonably accurate and can be used for this step [26, 48]. 
Examples of synthesized melts would be (GaSb)i_* - (InSb)„ (AlSb)^* - (InSb)„ 
(InAs)^ - (InSb) y , etc. In the second step, the pseudobinary melt is used as a 
solvent to dissolve another high melting point binary compound to form a quater¬ 
nary melt at an elevated temperature. The solute dissolution temperature (the 
same as the crystal-growth temperature in this study) was selected based on two 
considerations. First, there is a specific temperature for each alloy system beyond 
which the ternary phases are formed from the quaternary melt. Secondly, it is 
important to have substantial dissolution of the binaries at the growth temperature 
that will enable the precipitation of ternary alloys from the melt. 

The 4 steps used in the melt synthesis and crystal growth are schematically 
shown in Figures 9.2a-d. An example of GalnAs crystal growth from GalnAsSb 
melt has been shown. After placing the binary compounds as shown in Figure 
9.2a, the crucibles were evacuated to a vacuum level of approximately 10" 6 Torr 
and sealed. The crucible was then placed inside a multizone furnace and heated 
to melt the Sb-based compounds first (the solvent) as depicted in Figure 9.2b. The 
furnace was further heated to a specific solute dissolution temperature and the 
solvent was brought into contact with the solute by tilting the furnace-crucible 
assembly as shown in Figure 9.2c. As the solvent dissolved the solute, a quaternary 
melt was prepared by rocking the melt back and forth across the crucible for an 
extended period of time (30 min to 2 h depending on melt volume). This ensured 
the homogenization of the quaternary melt and an equilibrium melt after complete 
dissolution of the solute in the solvent up to the solubility limit was obtained. 
During the melt-preparation process, the zones of the furnace were kept at the 
same temperature to avoid precipitation of the dissolved solute at other (cooler) 
locations of the crucible. It should be mentioned that for experiments involving 
Al-based compounds in alumina crucibles (open at one end), the furnace and 
crucible assembly in Figure 9.2c was only titled partially to bring the solvent and 
solute in contact. After the solute-dissolution step, the furnace was kept in a verti¬ 
cal position to separate the quaternary melt from the solute (Figure 9.2d). The 
temperature of quaternary melt was raised further by 10 °C to dissolve any undesir¬ 
able precipitates present in the melt. After stabilizing the melt temperature for 
2-3 h, crystal growth was initiated by directional cooling. Gradient freezing was 
implemented by slowly cooling the furnace zones at the bottom of the crucible. 
Directional solidification was carried out by cooling the entire melt. A typical 
cooling rate was in the range of l-2°C/h for the duration of the crystal growth 
followed by fast cooling of the grown crystal at a rate of 50°C/h. In some experi¬ 
ments, a single-zone furnace was used during the synthesis and crystal growth 
using the vertical Bridgman configuration. In this case, the crucible was initially 
held in the uniform zone of the furnace during the dissolution and melt homog¬ 
enization step. Thereafter, the crucible was slowly translated through the tem¬ 
perature gradient of the furnace to implement directional solidification. Typical 
growth rates were in the range of 0.1-0.5 mm/h. After the crystal growth, the first- 
to-freeze sections of the crystals were analyzed by preparing wafers. Compositional 
analyzes were carried out using electron microprobe X-ray analysis (EPMA). The 
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Solute Ingot Phosphorus deposits Grown Crystal 

on crucible wall 

Figure 9.3 A sealed silica crucible used for Ga,_ x ln x P growth from CaiJn^P^ySb, melt. 


bandgap of the grown wafers were evaluated by optical transmission or absorption 
measurements. 

Due to the sticking of the melt droplets to the solute during the synthesis step, 
it is hard to accurately estimate the dissolution amounts of the solute in the 
solvent. Hence, the melt compositions are only approximately known. In this 
chapter, the exact composition of the solvent, the solute species and the experi¬ 
mental solute dissolution temperature have been presented along with the alloy 
composition in the first-to-freeze portion of the crystal (referred to as crystal com¬ 
position) in Tables 9.1-9.10. These data makes it easy to further develop solute 
feeding strategies that are necessary for growing homogeneous ternary crystals. 
Figure 9.3 shows a typical sealed silica crucible used during the growth of Gai^InJ 3 
from Gai-Jn-yP^Sby melt. The solute ingot can be seen held at one end of the 
crucible with the grown crystal at the other end. Red phosphorus deposits can be 
seen on the walls of the crucible. 

Based on the Al-In-Ga-P-As-Sb system, there are 18 possible ternary alloys 
(with 0 < x < 1; 0 < y < 1): Alj^Ga^P, Al^-Jn^P, Al^Ga^As, Al^In^As, Al^Ga^Sb, 
Alj.Jn-ySb, AlPj.yASy, AlP^Sb,,, AlAs^Sby, Gai_*In*P, Ga^In^As, Gai-Jn^Sb, 
GaPy.yASy, GaAsi_ y Sb y , GaPi_ y Sb y , InPy.yASy, InAs^ySby, InPi_ySb r The quaternary 
melt systems containing Sb-based binary compounds that can be used for growing 
the above ternary alloys are (with 0 < x < 1; 0 < y < 1): Gai-Jn^Asy-ySby, 
Gai-Jn^Py-ySby, Al^Ga^Asi-ySby, Al^In^As^ySby, Ali_*In. t P 1 _ySby, Al^Ga^Py-ySby, 
Ali^.yGaJnySb, InP^yAs^Sby, GaPi_*_yAs*Sb y and AlP^yAs^Sby. It must be men¬ 
tioned that the crystal compositions are not strictly ternary. For example, residual 
Sb content does show up in the Ga^In^As crystals grown from GaiJn^Asy-ySby 
melts. But the level of Sb is less than 0.5 mole% and for all practical purposes, 
there is no effect of the residual Sb on the bandgap of the material. Isoelectronic 
dopants such as Sb can have effects on the electrical and optical properties of the 
semiconductors. However, this has not been studied yet in these crystals. 

Of the 18 ternary alloys listed above, the ones containing both In and Sb, namely, 
Al^In^Sb, Gai-Jn^Sb, InAsj.ySby, InP^ySby are the lowest melting point phases 
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and hence do not preferentially precipitate from quaternary melts. For example, 
during the crystal growth from Gai-Jn^Asi-ySby melt, the two higher melting 
points phases, GaJn^As and GaAsi_ y Sb y preferentially precipitate out and form 
solids. The remaining phases Ga^Jn^Sb and InAs,_ y Sb y are formed only when 
either the melt has been completed depleted of As or Ga, respectively. The 4 alloy 
systems containing both In and Sb can be suitably grown using the pseudobinary 
melts: (AlSbJ^-jlnSb)*, (GaSb)i_*-(InSb)*, (InAs) 1 _ y -(InSb) y and(InP)i_ p -(InSb) r 
The effects of quaternary melt chemistries on the growth properties of these 4 
alloys were not investigated in this study. In general, the presence of the 4th 
element in the melt (as an additive) can have an influence on the segregation 
coefficient of the other 3 elements, dopant incorporation properties in the solid 
(like defect and impurity compensation), lattice stress, etc. The remainder of this 
chapter will focus on 14 ternary alloy systems. The methodologies for solvent 
preparation, solute dissolution and directional solidification were the same for all 
the alloy systems (Figure 9.2). Henceforth, the role of solvent compositions, solute 
species and solute dissolution temperature on the crystal composition only will be 
discussed. The following subsections have been organized according to the qua¬ 
ternary melt systems used during growth. 

9.4.1 

Growth from Ga^Jn^As, y Sb y Melt 

There are three pseudobinary systems that were used as the solvent for preparing 
the quaternary Gai^In^As^ySby melt (see Table 9.1). In the first case, (GaSb)i_ % - 
(InSb), melt was used as the solvent and InAs or GaAs as the solute. In the second 
case, (InAs)i_ y - (InSb) y melt was used as the solvent and GaAs or GaSb as the 
solute. GaSb can be used as the solute only below 710°C (melting point of GaSb). 
However, below 700 °C, no ternary compositions precipitated from the melt. The 
grown crystals exhibited quaternary GaiJn^As^Sb,, compositions. In the third 
case, (GaAs)!_ y - (GaSb) y melt was used as the solvent and InAs as the solute. The 
ternary alloys that can be successfully grown from this system are Ga^In^As and 
GaAs!_ y Sb y . 

9.4.1.1 Growth of Ga,_ x ln x As 

Using pseudobinary (GaSb)^ - (InSb)* melt as the solvent at 900°C and InAs or 
GaAs as the solute, a wide composition range of Ga^Jn^As solids can be obtained. 
Table 9.1 shows the first-to-freeze Ga^In^As compositions (referred to as crystal 
composition) as a function of solvent composition. The dissolution temperature had 
to be kept below the melting point of InAs (942 °C) to avoid melting of the solute 
and uncontrolled precipitation in the melt. When using GaAs as a solute, one can 
use higher dissolution/growth temperatures since GaAs melts at 1238 °C. However, 
in this study, the solute dissolution temperature was held constant for all experi¬ 
ments for the sake of comparison. For growth temperatures below 850 °C, the 
incorporation of Sb in the crystal increases with decreasing growth temperature, 
resulting in quaternary solid compositions. Due to this, the crystal-growth tem¬ 
perature for this study was kept above 850°C. It is interesting to note from Table 
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Table 9.1 Solvent composition, solute species and solute dissolution temperature for 
Ga^Jn^As and GaAs^Sb, growth from GaJn^As^Sb,, melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Gao.1Ino.9Sb 

InAs 

900 

Gao.i7Ino.83AS 

2 

Gao.2Ino.8Sb 

InAs 

900 

Gao.42Ino.58AS 

3 

Gao.3Ino.7Sb 

InAs 

900 

Gao.84InO.l6AS 

4 

Gao.5Ino.5Sb 

InAs 

900 

Ga0.96ln0.04AS 

5 

Ga0.2In0.gSb 

GaAs 

900 

Ga0.95In0.05AS 

6 

Gao.1Ino.9Sb 

GaAs 

900 

Ga0.93In0.07As 

7 

InAso.oSbo.! 

GaAs 

950 

Gao.32Ino.68AS 

8 

InAso. 8 Sbo.2 

GaAs 

950 

Gao.48lno.52AS 

9 

InAs 0 .5Sb 0 .5 

GaAs 

950 

Gao.76lno.24AS 

10 

InAso.iSbo.9 

GaAs 

950 

Gao.88lrio.i2AS 

11 

GaAs 0 .iSb 0 .9 

InAs 

900 

Gao.99Ino.OlAs 

12 

GaAs0.05Sb0.95 

InAs 

900 

Ga0.98ln0.02AS 

13 

Gao.4Ino.6Sb 

InAs 

730 

GaAS0.95Sb0.05 

14 

Gao.7Ino.3Sb 

InAs 

730 

GaASo.82Sbo.l8 

15 

Gao.8lno.2Sb 

InAs 

730 

GaASo.i9Sbo.8l 

16 

Gao.9Ino.1Sb 

InAs 

730 

GaAS0.05Sb0.95 


9.1 that there is a significant difference in the solidified alloy composition depend¬ 
ing on the choice of solute species (InAs or GaAs). For example, comparing experi¬ 
ments 1 and 6 or 2 and 5, it is clearly seen that though the solvent compositions 
were kept the same, the solute used for dissolution led to significantly different 
first-to-freeze solid compositions. Certainly the choice of InAs as a solute allows 
a better control on the solid compositions. Another interesting point to note by 
analyzing experiments 1-4 is that a wide composition range of Gai-Jr^As can be 
grown with solvent composition x < 0.5 in Ga^J^Sb. Figure 9.4 shows a large- 
grain polycrystalline Ga^In^As grown from Ga^In^As^Sby melt. No cracks or 
inclusions can be seen in the wafer. 

Using pseudobinary (InAs)^ - (InSb) y melt as solvent at 950 °C, which is above 
the melting points of both binaries and GaAs as the solute, a wide range of 
Ga^In^As compositions can be grown (Table 9.1). Compared to the Ga^Jn^Sb 
solvent discussed above, the InAs^Sb,, solvent has a wider composition range 
for controlling the Ga^In^As solid compositions. Using pseudobinary (GaAs)!.,,- 
(GaSb) y melt as solvent at 900 °C (below the melting point of InAs) and InAs as a 
solute, the first-to-freeze compositions obtained is close to GaAs, irrespective of 
solvent composition (see Table 9.1). For the sake of comparison, the melt growth 
of GaiJn^As using pseudobinary GaAs-InAs mixture requires growth tempera¬ 
tures between 942 °C and 1238 °C, corresponding to the melting points of InAs 
and GaAs, respectively. In this study, growth across the entire GaAs-InAs com¬ 
position range can be accomplished between 900 and 950 °C. Figure 9.5 shows the 
room-temperature transmission spectra of Ga^In^As polycrystalline substrates 
grown in different experiments described above. Fligh optical transmission can 
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Figure 9.4 A polycrystalline GaJn^As wafer extracted from the first-to-freeze section of an 
ingot grown from Ga^J^As^Sby melt. 



Figure 9.5 Room-temperature transmission spectra of Ga,Jn,,As polycrystalline substrates 
grown in different experiments. The cut-off wavelengths are in the range of 1,3-2.6|im, 
demonstrating the tunability of the alloy bandgap. 
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be seen for all samples. The bandgaps of the samples shown in Figure 9.5 are in 
the range of 0.47-0.95 eV. 

9.4.1.2 Growth of GaAs,_ySb y 

For this alloy system, there exists a solid-solid miscibility gap for compositions in 
the range of 0.2 < y < 0.8. These compositions are not stable and crystals grown 
exhibit a multiphase nature with poor crystalline and optical quality. For the com¬ 
positions outside the above range, ternary GaAsi_ y Sby can be grown only using 
(GaSb)^ - (InSb)* as the solvent and GaAs or InAs as the solute (see Table 9.1). 

The effect of GaAs or InAs (as a solute) on the grown compositions was not 
observed. This is primarily due to the very low solubility of both GaAs and InAs 
in the Ga^Jn^Sb melt at temperatures below 750°C where the stable GaAs^Sbj, 
compositions form. Table 9.1 shows the first-to-freeze GaAs^Sby compositions as 
a function of solvent composition at 730 °C. It is interesting to note that GaAs^.Sby 
alloy was obtained only for solvent compositions x < 0.6. For x > 0.6, either GaAs 
or quaternary Ga^Jn-jAs^ySby alloy was obtained in the first-to-freeze solidified 
section of the crystal at this growth temperature. 

9.4.2 

Growth from Ga, ,ln,P, v Sb y Melt 

This quaternary melt system can be prepared using the four constituent binaries 
(GaP, GaSb, InP and InSb) similar to the manner described above for 
Ga^Jn-jAs^Sb,,. The only ternary alloy that can be successfully grown from this 
system is Ga^JnJ 5 , as presented below. The other system GaPi_ y Sby has a severe 
miscibility gap and leads to two-phase regions with GaP embedded in a matrix of 
GaSb, Ga^Jn^Sb and InPi_ySby. 

9.4.2.1 Growth of Ga^Jn^P 

There are three pseudobinary systems that were used as the solvent for preparing 
the quaternary Gai-Jn-jP^Sby melt (see Table 9.2). In the first case, (GaSb)i_* - 
(InSb)* melt was used as the solvent and InP or GaP as the solute. In the second 
case, (InP)!_y - (InSb) y melt was used as the solvent and GaP as the solute. In the 
third case, (GaP)^ - (GaSb) y melt was used as the solvent and InP as the solute. 

For all the experiments reported here, the solute dissolution temperature was kept 
at 1000 °C for three reasons: (i) for temperatures below 1000 °C, the solubility of 
InP or GaP in the above three solvents is poor; (ii) dissolution using InP solute 
can be implemented only below the melting point oflnP (1060°C); and (iii) beyond 
1000 °C, the high vapor pressure of phosphorus becomes a challenge during melt 
growth in sealed crucibles, especially with larger melt volumes. 

Using pseudobinary (GaSb)^ - (InSb)* melt as a solvent and InP or GaP as 
solute, ternary Gai_Jn.jP alloy spanning a wide composition range can be obtained 
(see Table 9.2). Comparing experiments 1 and 5 or 2 and 6, it is interesting to 
note the significant differences in crystal compositions by using GaP or InP as 
the solute. By using GaP as the solute, only compositions closer to GaP can be 
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Table 9.2 Solvent composition, solute species and solute dissolution temperature for 
Ga^ln^P growth from CaiJn^P^Sby melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Gao. 05 lno. 95 Sb 

InP 

1000 

Gao.i2Ino.88P 

2 

Ga0.lIll0.9Sb 

InP 

1000 

Gao.45Ino.55P 

3 

Gao.i5Ino.85Sb 

InP 

1000 

Gao.86lno.i4P 

4 

Gao.2Ino.8Sb 

InP 

1000 

Ga0.96ln0.04P 

5 

Gao. 05 l n 0 . 95 Sb 

GaP 

1000 

Gao.94Ino.O6P 

6 

Ga0.lIn0.9Sb 

GaP 

1000 

Ga0.98ln0.02P 

7 

InPojSboj 

GaP 

1000 

Gao.nIno.89P 

8 

InPo.sSbo. 4 

GaP 

1000 

Gao.36lno.64P 

9 

InPo. 4 Sbo.6 

GaP 

1000 

Gao.79Ino.2iP 

10 

InP 0 .2Sb 0 .8 

GaP 

1000 

Gao.92Ino.O8P 

11 

GaP0.05Sb0.95 

InP 

1000 

GaP 

12 

GaP0.02Sb0.98 

InP 

1000 

GaP 



Figure 9.6 A polycrystalline Gai_*ln*P crystal (red color) embedded inside a GaiJn^P^Sby 
solidified mass. The starting melt was prepared using InP, InSb and GaSb as the binary 
compounds. 


obtained. Another interesting observation is the need for InSb-rich content of the 
solvent (experiments 1-4 with InP solute) to obtain a wide range of GaiJn^P solid 
compositions. Figure 9.6 shows a polycrystalline Ga^^In^P ingot (red region) 
embedded inside a Ga^In^P^Sb,, solidified mass. This crystal was grown using 
Gai-Jn-ySb as the solvent and InP as the solute. Figure 9.7 shows the room-tem¬ 
perature absorption spectrum (curve c) of a GaiJn^P polycrystalline substrate 
extracted from the grown ingot. For comparison, the absorption spectrum of pure 
GaP (curve a) is also shown in Figure 9.7. 
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Wavelength (nm) 


Figure 9.7 Room-temperature absorption spectra of (a) GaP, (b) GaP,_ y As y and (c) Ga,Jn x P 
polycrystalline substrates grown in different experiments. 


Using pseudobinary (InP)i_ y - (InSb) y melt as solvent and GaP as solute, ternary 
Gai_Jn.jP alloy compositions spanning a wide range can be obtained (Table 9.2). 
Compared to the Gai^In^Sb solvent discussed above, the InPi_ y Sb y solvent has a 
wider composition range for controlling the Gai_Jn.jP solid compositions. Using 
pseudobinary (GaP)i_ y - (GaSb) y melt as solvent and InP as solute, the first-to- 
freeze compositions obtained is close to GaP, irrespective of solvent composition 
(as shown in Table 9.2. For the sake of comparison, melt growth of Gaj_Jn.jP using 
pseudobinary GaP-InP mixture requires growth temperatures between 1060 °C 
and 1480 °C, corresponding to the melting points of InP and GaP, respectively. In 
this study, Gai_Jn.jP growth across a wide composition range can be accomplished 
at 1000 “C. 

9.4.3 

Growth from Al, x Ga x ASi_ y Sb y Melt 

This quaternary melt system can be prepared using AlSb, GaAs and GaSb binary 
compounds. The ternary alloys that can be successfully grown from this system 
are Ali_ x Ga x As and AlAsi_ y Sb y . A limited number of studies has been performed 
using this quaternary melt system. 

9.4.3.1 Growth of Ali_ x Ga x As 

The quaternary Ali_ x Ga x Asi_ y Sb y melt was prepared using the pseudobinary 
(AlSb)i_ r - (GaSb)* or (GaAs)i_ y - (GaSb) y as the solvent and GaAs or AlSb as the 
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Table 9.3 Solvent composition, solute species and solute dissolution temperature for 
AI,_„Ga*As and AlAs^Sb, growth from AI^Ga^As^Sb, melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Alo.O5Gao.95Sb 

GaAs 

1025 

Alo.85Gao.i5As 

2 

Al0.lGa0.9Sb 

GaAs 

1025 

Al0.95Ga0.05AS 

3 

GaASo.i5Sbo.85 

AlSb 

1025 

Alo.i2Gao.88AS 

4 

GaAS0.05Sb0.95 

AlSb 

1025 

Alo.87Gao.i3AS 

5 

Alo.3Gao.7Sb 

GaAs 

1025 

ALASo.86Sbo.i4 

6 

Alo.6Gao.4Sb 

GaAs 

1025 

AlASo. 36 Sbo .64 


solute, respectively (see Table 9.3). The solute dissolution temperature (1025 °C) 
was chosen to be below the melting point of AlSb (1065 °C). The solubility of GaAs 
and AlSb in these melts at 1025 °C is quite poor. Using Al^Ga^Sb as the solvent, 
only AlAs-rich compositions in Al^Ga^As solid can be obtained (see experiments 
1 and 2). On the other hand, using GaAs^Sb,, solvent, a wide range of Al^Ga^As 
solid compositions is possible (experiments 3 and 4). For the sake of comparison, 
melt growth of Al^Ga^As using pseudobinary AlAs-GaAs mixture requires 
growth temperatures between 1238°C and 1740°C, corresponding to the melting 
points of GaAs and AlAs, respectively. In this limited study, growth across a wide 
composition range of this ternary compound appears feasible at 1025 °C. The first- 
to-freeze section of a typical polycrystalline Al^Ga^As ingot grown from 
Ab.^Ga^Asi-ySb), melt exhibited reddish-yellowish regions that are rich in AlAs. 

9.4.3.2 Growth of AIAs,_ySb y 

For these experiments, the quaternary Al^Ga^ASi-ySby melt was prepared using 
the pseudobinary (AlSb)!.* - (GaSb)* as the solvent and GaAs as the solute (see 
Table 9.3). A wide range of ternary AlAs^ySby alloy compositions can be obtained 
for growth temperature of 1025 °C using this quaternary melt chemistry. For the 
sake of comparison, melt growth of AlAs^ySby using a pseudobinary AlAs-AlSb 
mixture would require growth temperatures in the range of 1065-1740°C, corre¬ 
sponding to the melting points of AlSb and AlAs, respectively. Polycrystalline 
AlAsx.ySby samples solidified from Al^Ga^As^ySby melt tend to turn black when 
left in the laboratory environment or during substrate preparation using polishing 
slurries. Left to themselves, these wafers were found to disintegrate into a black 
powdery mass in a few months. 

9.4.4 

Growth from Al, x ln x As,_ y Sb y Melt 

This quaternary melt system was prepared using three binary compounds, AlSb, 
InAs and InSb. Two ternary alloys systems, Al^In^As and AlAs^Sby can be grown 
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Table 9.4 Solvent composition, solute species and solute dissolution temperature for 
AI,_ x ln x As and AlAs^Sb, growth from Al^ln^As^Sby melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

IllAS0.95Sb0.05 

AlSb 

1025 

Al(). 45 lin 0 . 55 .AS 

2 

InAso.oSbo.! 

AlSb 

1025 

Alo.681 ^ 0.32 A.S 

3 

InAso.sSbo.s 

AlSb 

1025 

Alo. 8 iI n o.i 9 As 

4 

InAso. 2 Sbo.g 

AlSb 

1025 

Alo. 92 l n 0 . 08 As 

5 

InASo.O5Sbo.95 

AlSb 

1025 

AlASo. 96 Sbo .04 

6 

InASo. 02 Sbo .98 

AlSb 

1025 

AlAS0.22sb0.78 


from this melt. A limited number of studies has been performed using this qua¬ 
ternary melt system. 

9.4.4.1 Growth of Ali_ x ln,As 

The quaternary Alj.JnjAsj.ySby melt was prepared using the pseudobinary 
(InAs)j_ y - (InSb) y as the solvent and AlSb as the solute (see Table 9.4). A dissolu¬ 
tion temperature of 1025 °C was chosen as in the previous set of experiments. At 
this temperature, very poor solubility of AlSb was seen. Nevertheless, as shown in 
Table 9.4, ternary Alj_.Jn.jAs alloy compositions spanning the composition range 
0 < x < 0.5 can be obtained using this quaternary melt chemistry. Comparing 
experiments 1-4 in Table 9.4, it is seen that the solvent composition needs to be 
altered significantly to obtain the above solid composition range. For the sake of 
comparison, melt growth of Alj_Jn x As (for 0 < x < 0.5) using pseudobinary AlAs- 
InAs mixture would require growth temperature in the range of 1100 and 1740 °C. 
As-grown polycrystalline Alj_Jn.jAs thick substrate solidified from Alj_Jn.,Asi_ySby 
melt shows yellowish regions with AlAs-rich compositions. These crystals were 
found to be relatively more stable than the AlAsj_ySb y ones. 

9.4.4.2 Growth of AIAsj_ySby 

Preliminary data on solvent composition for the growth of AlAsj_ySb y has been 
presented in Table 9.4. From initial experimental studies, it has been observed 
that the arsenic content in the melt needs to be controlled precisely. A wide range 
of AlAsj.ySby compositions precipitated from the melt by slight variation in the 
solvent composition (see experiments 5 and 6 in Table 9.4). 

9.4.5 

Growth from Al n JrijP^ySby Melt 

This quaternary melt system was prepared using presynthesized AlSb, InP and 
InSb. The only ternary alloy that can be successfully grown from this melt is 
Aly_Jn.jP. The AlPj_ySb y has a severe miscibility gap and leads to two-phase regions 
with A1P embedded in a matrix of AlSb, Alj_Jn.,Sb and InPj_ySb r 
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Table 9.5 Solvent composition, solute species and solute dissolution temperature for AfJn^P 
growth from Al, Jn x P,_ y Sb,, melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Alo. 05 l n 0 . 95 S>b 

InP 

1000 

AlP 

2 

Al0.lIri0.9Sb 

InP 

1000 

AlP 

3 

InP 0 . 5 Sbo.5 

AlSb 

1000 

Alo.i5IHo.85P 

4 

InP 0 . 4 Sb 0 .6 

AlSb 

1000 

Alo. 34 l n 0 . 66 P 

5 

InP 0 . 2 Sbo.8 

AlSb 

1000 

Alo.88lHo.i2P 


9.4.5.1 Growth of Al lHI ln x P 

The quaternary Ali_*In*Pi_ y Sb y melt was prepared using two methods. In the first 
method, the pseudobinary (AlSb)!-* - (InSb)* was used as the solvent at 1000°C 
and InP as the solute (see Table 9.5). However, irrespective of the solvent composi¬ 
tion, precipitated crystallites of AlP only were obtained. For successful growth of 
Ali_*In*P compositions, a second method was used to prepare the quaternary 
Ali_Jn*Pi_ y Sb y melt. In this case, the pseudobinary (InP)^ - (InSb) y was used as 
the solvent and AlSb as the solute (see Table 9.5). Ternary Ah_*In*P alloy composi¬ 
tions spanning a wide composition range can be obtained using this quaternary 
melt chemistry (with y > 0.5). A solidified Ah_*In*P polycrystalline mass appears 
as orange-red crystallites when grown from Ali_*In*Pi_ y Sb y melt. For the sake of 
comparison, melt growth of Ah_*In*P using pseudobinary AlP-InP mixture would 
require growth temperatures in the range of 1065 and beyond 2000 °C. 

9.4.6 

Growth from AI,_ x Ga,P 1 _ y Sb y Melt 

This quaternary melt system was prepared using presynthesized AlSb, GaP and 
GaSb. The only ternary alloy that can be successfully grown from this melt is 
Ali_*Ga*P. The AlPi_ y Sb y has a severe miscibility gap and leads to two-phase regions 
with AlP embedded in a matrix of AlSb, Ah_*Ga*Sb and GaPi_ y Sb y . 

9.4.6.1 Growth of Al n _*Ga*P 

Due to the low solubility of GaP in GaSb around 1000 °C, it is preferable to use 
the pseudobinary (AlSb)i_* - (GaSb)* as the solvent and GaP as the solute for the 
quaternary Ali_*Ga*Pi_ y Sb y melt preparation (see Table 9.6). The solvent composi¬ 
tion for Ah_*Ga*P growth needs to be GaSb-rich. Ternary Ah_*Ga*P alloy composi¬ 
tions in a wide range can be obtained for growth temperatures around 1000 °C 
using this quaternary melt chemistry. For the sake of comparison, melt growth of 
Ali_*Ga*P using pseudobinary AlP-GaP mixture would require growth tempera¬ 
tures between 1480 and beyond 2000°C, corresponding to the melting points of 
GaP and AlP, respectively. Figure 9.8 shows the first-to-freeze section of Ah_*Ga*P 





9.4 Synthesis and Balk Crystal Growth | 167 

Table 9.6 Solvent composition, solute species and solute dissolution temperature for 
AI,_ x Ga x P growth from AI^Ga^P^Sb, melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Alo.O5Gao.95Sb 

GaP 

1000 

Alo.22Gao.7gP 

2 

Al0.lGa0.9Sb 

GaP 

1000 

Alo.63Gao.37P 

3 

Alo.i5Gao.85Sb 

GaP 

1000 

Al0.93Ga0.07P 



Figure 9.8 The first-to-freeze section of AI,_ x Ga x P polycrystalline mass stuck to the bottom of 
a silica crucible grown from Af^Ga^P^Sby melt. 


polycrystalline mass (orange-yellow crystallites) stuck to the bottom of a silica 
crucible grown from Af^Ga^P^Sby melt. Due to the high reactivity of AlSb with 
silica, these crystals should be grown in alumina crucibles. However, since the A1 
content in the solvent was low, silica crucibles was used in our initial experiments 
with limited success. 

9 . 4.7 

Growth from Al^.yGaJriySb Melt 

This quaternary melt system can be prepared using the three constituent binaries 
(AlSb, GaSb and InSb). Only limited studies have been conducted with this system 
due to its lower importance from the bulk crystal growth point of view. All three 
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Table 9.7 Solvent composition, solute species and solute dissolution temperature for 
AI,_„Ga*Sb growth from AI,_ x _ y Ga x ln v Sb melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

Alo. 02 l n 0 . 98 Sb 

GaSb 

675 

Alo.68Gao.32Sb 

2 

Gao.8Ino.2sb 

AlSb 

750 

Alo.23Gao.77Sb 

3 

Ga0.lln0.9sb 

AlSb 

750 

Alo.82Gao.lgSb 


ternary systems Ali_*Ga x Sb, Gai_*In*Sb and Ali_Jn*Sb can be easily grown from 
the pseudobinary melts (AlSb)i_*- (GaSb)*, (GaSb)i_*~ (InSb)*, (AlSb)i_*- (InSb)*, 
respectively, without any vapor pressure issues. The only ternary system that can 
be grown from this quaternary melt is Ah_*Ga*Sb. 

9.4.7.1 Growth of Al n _*Ga*Sb 

The quaternary Ali_*_ y Ga*In y Sb melt was prepared using two methods. In the first 
method, the pseudobinary (AlSb)i_* - (InSb)* was used as the solvent and GaSb 
as the solute (see Table 9.7). The growth temperature in this case was kept below 
700 °C to avoid melting of the GaSb solute. Due to the low solubility of AlSb in 
InSb at temperatures below 700°C, this solvent is not preferred. In the second 
method, the pseudobinary (GaSb)i_* - (InSb)* melt was used as the solvent and 
AlSb as the solute (see Table 9.7). Irrespective of the solvent used, the grown 
crystals exhibited Ah_*Ga*Sb compositions. It appears from limited studies that a 
wide range of Ah_*Ga*Sb compositions can be obtained at low growth tempera¬ 
tures around 750 °C using this quaternary melt chemistry. For the sake of com¬ 
parison, melt growth of Ah_*Ga*Sb using pseudobinary AlSb-GaSb mixture would 
require growth temperatures between 710 and 1065 °C, corresponding to the 
melting points of GaSb and AlSb, respectively. 

9.4.8 

Growth from InP,* y As*Sb y Melt 

This quaternary melt system can be prepared using the three constituent binaries 
(InP, InAs and InSb). Preliminary studies have been conducted with this system. 
The only ternary system that can be grown from this quaternary melt is InPj.yASy 

9.4.8.1 Growth of InP,_j,As y 

The quaternary InP!_*_ y As*Sb y melt can be prepared by the pseudobinary 
(InP)i_ y - (InSb) y as the solvent and InAs as the solute. However, the solubility of 
InP in InSb is relatively poor compared to InAs in InSb. Hence, in our studies, 
we used the (InAs),.,, - (InSb) y melt as the solvent and InP as the solute (see Table 
9.8). It is possible to obtain InPj.jASj, crystals for a wide composition range using 
this melt at temperatures as low as 950 °C. For the sake of comparison, melt growth 
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Table 9.8 Solvent composition, solute species and solute dissolution temperature for 
InP^yASy growth from InP^yAs^Sby melt. 


No. 

Solvent 

composition 

Solute 

species 

Solute dissolution 
temperature (°C) 

Crystal 

composition 

1 

InAs 0 . 9 Sbo.i 

InP 

950 

InP0.i3AS0.87 

2 

InAso.jSbo.s 

InP 

950 

InP 0.56-^So.44 

3 

InAso.iSbo.g 

InP 

950 

InP0.93A.S0.07 


Table 9.9 Solvent composition, solute species and solute dissolution temperature 
GaP,_ y As y growth from GaP,_ x _yAs x Sb y melt. 

No. Solvent 

Solute 

Solute dissolution 

Crystal 

composition 

species 

temperature (°C) 

composition 

1 GaAS0.05Sb0.95 

GaP 

1025 

GaPo. 96 ASo .04 

2 GaAs 0 .iSb 0 .9 

GaP 

1025 

Gap0.72AS0.28 

3 GaAs 0 . 2 Sb 0 .8 

GaP 

1025 

Gap0.15AS0.85 


of InP^yASy using pseudobinary InP-InAs mixture would require growth tempera¬ 
tures between 942 and 1062 °C, corresponding to the melting points of InAs and 
InP, respectively. 

9.4.9 

Growth from GaPi x y As,Sb y Melt 

This quaternary melt system can be prepared using the three constituent binaries 
(GaP, GaAs and GaSb). Limited studies have been conducted with this system. 
The ternary alloy that preferentially precipitates from this quaternary melt is 
GaPi_yASy. 

9.4.9.1 Growth of GaP^ASy 

Due to the poor solubility of GaP in GaSb around 1000°C, the quaternary 
GaPi_*_yAs y Sby melt was prepared using the pseudobinary (GaAs)^ - (GaSb) y melt 
as the solvent and GaP as the solute (see Table 9.9). The grown crystals exhibited 
GaPi_yASy compositions. It is possible to obtain ternary crystals with a wide com¬ 
position range at growth temperatures as low as 1025 °C using this quaternary 
melt. For the sake of comparison, melt growth of GaPy.yASy using pseudobinary 
GaP-GaAs mixture would require growth temperatures between 1238 and 1480 °C, 
corresponding to the melting points of GaAs and GaP, respectively. Figure 9.9 
shows a section of a solidified GaPi-yAs y polycrystalline mass grown from 
GaPi_ x _yAs x Sby melt. Figure 9.7b shows the absorption spectrum of a sample 
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Figure 9.9 A section of a solidified GaP^As, polycrystalline mass grown from GaP^^As^Sb, 
melt. Figure 9.7b shows the absorption spectrum of a sample extracted from this mass. 


extracted from this mass. A sharp absorption edge is seen in the spectrum, clearly 
indicating the high optical quality of the grown sample. 

9.4.10 

Growth from AlP^yAs^Sby Melt 
9.4.10.1 Growth of AlP^yASy 

In principle, this quaternary melt system can be prepared using the three constitu¬ 
ent binaries (AlP, AlAs and AlSb). However, we experienced severe limitations 
during synthesis due to the absence of pure AlP and AlAs. Small crystallites of 
multiphase AlAs^ySby and AiPj.ySby (from prior experiments) and AlSb were 
mixed to form the quaternary AlPi_*_yASySby melt at 1100°C. For different experi¬ 
ments, the quantities of the two multiphase ternaries added to AlSb were varied 
(shown in absolute weight % in Table 9.10). Multiphase samples were obtained 
after the directional solidification. Analysis of the spatial composition of the 
sample revealed the formation of AlPi_yAs y randomly distributed in the matrix of 
AlSb, AlAsi-ySby and AIPj.ySby. Table 9.10 shows the composition data for the 
random phases from these exploratory studies. An approximate correlation can be 
established in the final matrix composition with respect to quantities of the ternary 
species added to the melt. Solidified multiphase AlPi.yASy/AlAs^ySby/AlP^ySby 
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Table 9.10 Solvent composition, solute species and solute dissolution temperature for 
AlP n _jAs y multiphase growth from AlP^^ASjSb, melt. 


No. 

Solvent 

composition 

Solute species 
(wt %) 

Solute dissolution 
temperature (°C) 

Multiphase compositions 

1 

AlSb 

AlP^ySby (2) 

1100 

AlPo. 66 ASo .34 AlASo.2Sbo.8 



AlASj-ySby ( 1 ) 


AlPo. 16 Sbo .84 

2 

AlSb 

AlPj_ySby (1) 

1100 

A1P0.2AS0.8 AlAS0.63sb0.37 



AlA Sl _ySby (1) 


AlP 0 .iSb 0 .9 


polycrystalline mass grown from AlP^^yAs^Sb,, melt exhibited randomly distrib¬ 
uted regions of gray, orange and red crystallites. 


9.5 

Conclusion 

The scope of technological applications using III-V bulk semiconductors is ever- 
increasing as and when high-quality substrates of different bandgaps are being 
made available. Currently, ternary polycrystalline substrates of low bandgap mate¬ 
rials like GalnAs and GalnSb are available in small quantities for niche applica¬ 
tions. The bottleneck in expanding this limited base of ternary substrates lies in 
the difficulties in redesigning the current crystal-growth infrastructure that exists 
for binary semiconductors. For ternary crystals, precise control of the melt com¬ 
position and efficient melt mixing during growth is necessary. This poses signifi¬ 
cant difficulties during the growth of high vapor pressure and high melting point 
P- and As-based compounds. The combination of high temperatures and high 
pressures requires complex crystal-growth systems. Adding the melt mixing and 
melt replenishment features further add to the complexity of the design and opera¬ 
tion of the crystal-growth systems. Lowering the growth temperature is certainly 
desirable to reduce this problem. This chapter presents a new fundamental 
approach for bulk ternary crystal growth from low-temperature quaternary 
antimonide-based melts. Intriguing observations of ternary alloy compositions 
precipitating out of quaternary melts have been made on a variety of alloy systems. 
While significant work is still needed for adopting this concept for large-scale bulk 
crystal growth, the current study demonstrates the feasibility of this crystal-growth 
process. The results presented here are based on exploratory studies on limited 
compositions in each alloy system. Nevertheless, this chapter provides a systematic 
approach towards developing large scale production of any specific alloy composi¬ 
tion using Bridgman, gradient freeze or Czochralski techniques. The knowledge 
base generated using the melt preparation and crystal-growth processes described 
here is easy to translate to existing large-scale crystal-growth infrastructure. This 
would accelerate the development of different alloy composition crystals even in 
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the absence of precise phase diagrams. Issues such as continuous melt mixing, 
precise solute feeding, temperature controllability during and postgrowth phases 
are crucial for ternary crystal growth, as discussed in the literature. These topics 
were not discussed in detail here, but are absolutely necessary during crystal 
growth runs to obtain high-quality ternary crystals from quaternary melts. Of the 
14 ternary alloy systems studied here, the AlP^Sby and GaP^Sby systems cannot 
be grown into a single ternary phase. AlP and GaP embedded in AlSb and GaSb, 
respectively were obtained. The AlP^yASy composition was difficult to control due 
to inadequate starting material compositions and availability. In general, the Al- 
rich compounds were found to be relatively unstable in air and moisture. Materials 
readily disintegrated during sample preparation such as by polishing slurries or 
by prolonged storage in the laboratory environment. 
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10 

Mercury Cadmium Telluride (MCT) Growth Technology Using 
ACRT and LPE 

Peter Capper 


10.1 

Introduction 

It is -50 years now since the first development of the ternary compound mercury 
cadmium telluride (MCT) for infrared (IR) applications. In the early days of MCT 
production (1960s and 1970s) bulk growth techniques were the predominant ones. 
As time progressed into the 1980s and 1990s the various epitaxial techniques, 
particularly liquid phase epitaxy (LPE), metal-organic vapor phase epitaxy (MOVPE) 
and molecular beam epitaxy (MBE) took over the major role of MCT production, 
particularly for photovoltaic devices, due to their greater flexibility. Because of the 
sensitive nature of much of the research and development work associated with 
the material the history of MCT is one of most centers developing their own par¬ 
ticular routes to its production, somewhat independently of their counterparts in 
other countries. MCT (Cd^Hg^^Te) is still the pre-eminent infrared material, and 
by varying the x value the material can be made to cover all the important infrared 
(IR) ranges of interest (i.e., 1-3, 3-5 and 8-14pm). 

There is an estimated 1.5$B pa. IR systems business worldwide, of which IR 
arrays account for perhaps $600 M pa. MCT is used in - half of these arrays, that 
is, -$300 M pa, and it can be estimated that the materials element of this amounts 
to ~$30M pa. This figure includes both bulk and epitaxial material, with ~$5M 
and ~$25 M pa. values attaching, respectively, to the 2 areas. Currently, Selex 
Galileo probably accounts for over half of the bulk total. 

MCT is the third most studied semiconductor after Si and GaAs and a great deal 
of work has been carried out on the various phase equilibria ([1, 2] contain reviews 
in this area). The liquidus and solidus lines in the pseudobinary HgTe-CdTe 
system are shown in Figure 10.1 [1], The wide separation between the liquidus 
and solidus, leading to marked segregation between CdTe and HgTe, was instru¬ 
mental in the development of all the bulk growth techniques applied to this 
system. In addition to the solidus-liquidus separation high Hg partial pressures 
are also influential both during growth and postgrowth heat treatments. A full 
appreciation of the P (Hg) - T diagram, shown in Figure 10.2, is therefore essential. 
Curves are the partial pressures of Hg along boundaries for solid solutions of 
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Figure 10.1 Pseudobinary phase diagram for HgTe-CdTe system (L = liquid, S = solid). 
(Reprinted from Yu and Brebrick [1], p. 56, copyright (1994) reproduced with permission from 
IEE.) 
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Figure 10.2 Pressure-temperature diagram for MCT. (Reprinted from Yu and Brebrick [1], p. 59, 
copyright (1994) reproduced with permission from IEE.) 
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composition x where the solid solution is in equilibrium with another condensed 
phase as well as the vapor phase. 

This chapter is split into 2 main sections. The first deals with the bulk growth 
ofMCT by the Bridgman process and the addition of the accelerated crucible rota¬ 
tion technique (ACRT) to the basic Bridgman process, concentrating on near-IR 
(short-wavelength) applications. Then, the growth and applications of MCT by 
Te-rich LPE will be discussed. The chapter does not emphasize growth fundamen¬ 
tals, rather it concentrates on the uses of ACRT and LPE as applied to MCT. 


10.2 

Bridgman/ACRT Growth ofMCT 

10 . 2.1 

Introduction 

Historically, the first technique used at Selex Galileo Infrared Ltd. was the Bridg¬ 
man process. Later, the emphasis switched to the accelerated crucible rotation 
technique (ACRT), a modification of the Bridgman process. Reviews of bulk 
growth can be found in [3-5]. 

This section will focus on the technological aspects of the production of large 
bulk crystals, their assessment, and their use in photoconductive IR detectors and 
other IR optical applications. Bridgman growth takes place in simple 2-zone fur¬ 
naces with the pure elements contained in thick-walled high-purity silica ampoules. 
The thick ampoule walls are needed to contain the high (up to ~70atm) mercury 
vapor pressures within the ampoules. We have found it necessary to purify both 
the mercury and the tellurium on site before use to obtain the required electrical 
properties. The marked segregation of the matrix elements in standard Bridgman 
growth is both a disadvantage and an advantage. Its disadvantage is that the yield 
of material in terms of composition for the most commonly required regions is 
low. The advantage is that all regions of interest can be produced in the same 
crystal, to some extent. A further advantage is that segregation of impurities also 
occurs and this leads to low background donor levels in Bridgman material. The 
other main disadvantages of the standard Bridgman technique are that material 
is nonuniform in composition in the radial direction, as well as in the growth 
direction, resulting in low yields, and there are numerous grain and subgrain 
boundaries. 

We have therefore developed an improved process based on the addition of 
ACRT. Here, ampoules are subjected to periodic acceleration/deceleration in their 
rotation, rather than constant rotation as in the Bridgman process. The major 
effect of this is to stir the melt during growth and produce flatter solid/liquid 
interfaces. This, in turn, improves the radial and axial compositional uniformity 
of the material, and reduces somewhat the grain and subgrain densities. An addi¬ 
tional marked advantage of ACRT is that the improved radial compositional uni¬ 
formity enables larger-diameter material to be produced (up from 13 mm to as 
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much as 70mm in our case). Assessment of the material includes wavelength 
mapping of both radially cut slices and axially cut planks; the latter gives useful 
information on the shape and change in the solid/liquid interface as growth pro¬ 
ceeds. Images taken with an IR camera, and a blackbody source, reveal features 
in slices, for example, cracks, inclusions of second phase (including Te on grain 
boundaries) and swirl patterns. 

We are currently routinely growing 20-mm diameter, 200-mm long crystals of 
-0.5 kg weight with excellent uniformity of composition and good electrical proper¬ 
ties for first-generation photoconductive IR detectors requiring low carrier concen¬ 
tration n-type material. Compositions produced in these 20-mm diameter crystals 
range from x - 0.88 (-1.0pm) through to x = 0.0 (i.e., HgTe), the latter in the tail 
ends of the crystals. Research is also progressing on larger-diameter crystals, with 
40-, 50- and 70-mm crystals having been grown, the latter being the largest diam¬ 
eter crystal of MCT ever grown, to this author’s knowledge. 

10 . 2.2 

Processing 

Elemental Cd (unetched) plus in-house purified Hg and Te are loaded, within 
a nitrogen-purged glove box, into an etched, washed, heavy-wall (7 mm) silica 
ampoule (diameter 20-70mm). A start composition of x = 0.19-0.8 is used and 
homogenization is by melting/rocking. Charges are then placed in a vertical 
grower (see Figure 10.3), remelted and then frozen slowly (0.5-0.25mmh" 1 ) from 
one end in a vertical system to produce a large-grained ingot. Slow rotation about 
the vertical axis (standard Bridgman) is used to reduce radial temperature varia¬ 
tions, or ACRT to stir the liquid and reduce radial temperature variations. Slices 
are cut from the resulting crystals using an abrasive slurry on a multiblade cutting 
machine. Slices are then assessed for wavelength, that is, x, uniformity with infra¬ 
red transmission (IRT) measurements and for the electrical parameters by Hall 
effect measurements at 77 K, if detector material is the ultimate aim, or a MW IR 
camera system if material for optical applications is sought. 

10.2.3 

Accelerated Crucible Rotation Technique (ACRT) 

10.2.3.1 Introduction 

Limits on controlling melt mixing in the Bridgman process necessitated a means 
of stirring melts contained in sealed, pressurized ampoules. The ACRT of Scheel 
[6] was utilized as it increased the size of crystals, eliminated unwanted phases, 
and increased stable growth rates. The first reported use of ACRT in MCT Bridg¬ 
man growth was given in [7]. These effects were developed and discussed in more 
detail in later papers, see [5, 8] for reviews. In essence, bidirectional rotation is 
used with maximum rotation rates governed by the ampoule diameter (e.g., 25 rpm 
for 20-mm and -5 rpm for 50-mm diameter crystals, respectively) with short stop 


10.2 Bridgman/ACRT Growth of MCT 


179 



Figure 10.3 Bridgman/ACRT growth apparatus. (Reprinted from Capper et al.J. Cryst. Growth 
46 (1979) p. 575, copyright (1979) reproduced with permission from Elsevier Science.) 


and run times, for example, Is and 8s. The main stirring mechanism is Ekman 
flow near the flat solid/liquid interface [9, 10]. 

10.2.3.2 High-x Material 

This section focuses on the work undertaken to produce near-IR material, where 
higher starting x values are used. The assessment of the near-IR material has 
included wavelength mapping of both radially cut slices and axially cut planks. 
Images taken with an IR camera reveal features in slices, for example, cracks, 
inclusions of second phase (including Te on grain boundaries) and swirl pat¬ 
terns. This work is being undertaken to improve our basic understanding of the 
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properties of MCT in the near-IR region and to investigate the suitability of the 
material for use in various IR optical applications. 

Figure 10.1 shows the pseudobinary phase diagram of the HgTe-CdTe system 
[1]. The wide separation between the liquidus and the solidus is actually a benefit 
when we are trying to produce higher x material. The initial goal was to produce 
material of x ~ 0.88, corresponding to -1.0pm cut-off wavelength. Figure 10.1 
shows that this necessitates using starting x values of >0.6. Figure 10.2 shows the 
pressure-temperature phase diagram for various x values [1]. The region above 
the Ph g line is essentially Hg vapor, with solid of the indicated x values existing 
in the loops on the lower right and liquid to the left of the loops. This clearly 
demonstrates how the maximum growth temperature and hence the Hg vapor 
pressure increases as x increases. 

The loading procedure for these high-x crystals was as for the earlier crystals. 
We have had to develop the seal-off procedure to reduce the possibility of explo¬ 
sions due to the high pressures. This entailed ensuring that the wall thickness 
remained at the 7-mm value of the ampoule body and ensuring that there were 
no re-entrant angles in the seal-off area. By making the internal surface of the 
seal-off smooth we have greatly reduced the occurrence of explosions and have 
successfully grown at temperatures >950°C, that is, some 130°C above “standard” 
temperatures. 

Start compositions of x = 0.19-0.8 have been used and the melts were homog¬ 
enized by melting/rocking as for standard charges. The growth process remained 
essentially unchanged for these high-x crystals. Slices were cut (at >lmm thick¬ 
ness) from the resulting crystals using a diamond peripheral-wheel cutting 
machine and then polished and assessed for x uniformity with infrared transmis¬ 
sion (IRT) measurements and also using the mid-IR camera system. 

Standard bidirectional rotation is still employed with rapid acceleration/decel¬ 
eration (in 1-2 s). From considerations of the simple model [5] it was seen that 
maximum rotation rates for the 20-mm diameter crystals should be between 4 and 
30rpm. Also, for these crystals short run and stop times (8 and Is, respectively) 
were used as for standard crystals. To maximize the Ekman stirring, that is, 
increase the vertical and horizontal flow velocities, we chose to use 25rpm as the 
maximum rate. 

Figure 10.4 shows the FTIR map of a short-wavelength slice (A, ~ 1.0 pm) dem¬ 
onstrating excellent radial uniformity. The small nonuniform regions are associ¬ 
ated with edge cracks in this slice; cracking is still a problem in these high-x 
crystals. 

Another assessment tool that is used for these high-x crystals is that of IR 
imaging. By placing a blackbody on one side of the slice (polished on both sides 
to ~lmm thickness) and a MW camera system (CEDIP) on the other, images can 
be taken that reveal IR-absorbing defects. (This camera system uses an OSPREY 
detector manufactured at Selex Galileo Infrared Ltd. from LPE material, see Figure 
10.12). Figures 10.5-10.7 show wavelength uniformity plots, IR camera images 
(note the clear image for the 50-mm sample) and size details for the 40-, 50- and 
70-mm diameter crystals, with that in Figure 10.7 being the largest MCT crystal 
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Figure 10.4 Wavelength uniformity plot and IR camera image for a 20-mm diameter high-x slice 
(courtesy ofSelexGalileo Infrared Ltd). 
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Figure 10.5 Wavelength uniformity plots, IR camera images and size details for the 40-mm 
diameter crystal (courtesy of Selex Galileo Infrared Ltd). 
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Figure 10.6 Wavelength uniformity plots, IR camera images and size details for the 50-mm 
diameter crystal (courtesy of Selex Galileo Infrared Ltd). 

grown to date anywhere in the world, to this author’s knowledge. Other tech¬ 
niques, such as magnetic/vibrational stirring have been attempted with MCT, with 
varying degrees of success [11-13]. A comparison of the radial uniformity of x (or 
wavelength) shows that ACRT produces the most uniform material of any given 
x value for all the melt stirring techniques used to date. It has been suggested [14] 
that ACRT may lead to striations in the material as the periodicity is of the order 
of minutes. In the preferred case of short cycle times, outlined above, Gray et al. 
[15] have confirmed the observations in our quenched crystals that no striations 
should be present. 

10.2.4 

Summary 

In the Bridgman growth of MCT, a controlled increase in melt mixing produced 
by ACRT leads to an improvement in radial compositional variations and good 
axial uniformity, resulting in a factor of ten increase in overall material yield over 
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Figure 10.7 Wavelength uniformity plots, IR camera images and size details for the 70-mm 
diameter crystal (courtesy of Selex Galileo Infrared Ltd). 


normal Bridgman growth. Large-diameter crystals (up to 70 mm) have been grown 
with a high degree of radial x uniformity by ACRT. Crystals of 20mm diameter 
with a length of 200 mm weighing -0.5 kg are now routinely produced. Electrical 
and chemical characterization shows that high-purity material is obtained and this 
allows the manufacture of a wide variety of high-performance photoconductive 
infrared detectors. We have shown that higher -jc crystals can be grown, providing 
that the ampoule seal-off is improved to minimize the risk of ampoule explosions. 
Crystals with starting x values of up to -0.8 and weights of -2 kg have been grown 
at temperatures up to -960 °C. Slices with x values up to -0.88 (A- 1.0 pm) have 
been obtained from the tip regions of such crystals. These slices are highly uniform 
in x, indicating flat solid/liquid interfaces. Imaging of material with an IR camera 
has revealed no IR-absorbing defects in the first-to-freeze short-wavelength slices 
but cracks, second-phase inclusions and “swirl-like” patterns of varying contrast 
are revealed as growth proceeds, that is, as the wavelength increases. 


























184 | 70 Mercury Cadmium Telluride (MCT) Growth Technology Using ACRT and LPE 

10.3 

Liquid Phase Epitaxy of MCT 

10.3.1 

Introduction 

This section describes the growth of MCT by Te-rich liquid phase epitaxy (LPE). 
The section is an update of some of the material in this author’s previous summary 
[16] with recent additions in the area of device applications, where there has been 
notable progress in the last few years. Baker [17] and Reine [18] have given recent 
summaries of infrared (IR) detector types made in MCT and this section draws 
on these two sources for some material. 

While photoconductive IR arrays have mainly used bulk material [19] photo¬ 
voltaic arrays mainly use epitaxial layers. Photovoltaic arrays have inherently low 
power consumption and can be easily connected to a silicon integrated circuit 
to produce a retina-like focal plane array. Such arrays are key for so-called 2nd- 
generation thermal imaging cameras. Photovoltaic devices tend to fall into two 
categories: long linear arrays of long-wavelength (8-12 pm) diodes and matrix 
arrays of medium wavelength (3-5 pm) diodes and short-wavelength diodes (1.5- 
3 pm). For long linear arrays, MCT is the sensor material of choice because the 
stringent sensitivity requirements of these systems demands a high quantum 
efficiency and near background limited infrared photodetector (BLIP)-limited per¬ 
formance detectors. MW detectors tend to use matrix arrays where the integration 
time can approach the frame time. The problem of point defects is considerably 
reduced in the medium waveband and large 2D arrays are more practical. The 
MW band thermal imaging market is concentrated on arrays using half-TV 
(320 x 256 or 384 x 288) or full-TV formats (640 x 480 or 640 x 512). 

Several epitaxial growth techniques are in use today. Manufacturers will select 
a technique that suits their device technology and the type of detectors they are 
trying to make. For instance, high-performance LW arrays will call for the best 
possible crystal quality, whereas, large-area MW arrays can probably accept poorer 
material but must have large, uniform wafers. At the present time the best struc¬ 
tural quality material is grown using LPE onto lattice-matched substrates of 
CdZnTe. 

A crucial figure of merit, however, is the dislocation count that controls the 
number of defects in 2D arrays. Etch pit densities of 3-7 x lOVm -2 are typically seen 
in the Te-rich sliding boat process, reproducing the substructure of the CdZnTe 
substrate [20]. The substrate defect level can be as low as mid-10 3 cm~ 2 in some 
Bridgman CdZnTe but this is not easy to reproduce. Device processing therefore 
must expect to cope with defect levels in the mid-10 4 cm~ 2 range for routine MCT 
epilayers and this will set the ultimate limit on the number of defects in MCT 2D 
arrays. LPE layers are grown using an isothermal supersaturation or programmed 
cooling technique or some combination. A detailed knowledge of the solid-liquid- 
vapor phase relation is essential to control the growth particularly in view of the 
high Fig pressure. Challenges include: the compositional uniformity through the 
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Figure 10.8 Schematic diagram of the three principal LPE growth techniques from Te-rich 
melts (Reprinted from [19] with kind permission of Springer Science + Bussiness Media). 


layer, the surface morphology, the incorporation of dopants, the elimination of 
background impurities and the specifications for thickness, wavelength, etc. 

Two different technical approaches are used: growth from a Hg-rich solution 
and growth from a Te-rich solution. Advantages of the Hg-rich route include: 
excellent surface morphology, a low liquidus temperature, which makes cap-layer 
growth more feasible and the ease of incorporation of dopants. Also, large melts 
can provide for very good compositional and thickness uniformity in large-area 
layers and give consistent growth characteristics over a long period of time. Growth 
from Te-rich solutions can use three techniques to bring the melt into contact with 
the substrate: dipping, tipping and sliding (see Figure 10.8). Sliding boats use 
small melt volumes and are very flexible for changing composition, thickness and 
doping and the remainder of this section concentrates on this method. 

10.3.2 

Growth 

The pioneering work on the Te corner of the phase diagram of the Hg-Cd-Te 
system [21] and the associated LPE growth experiment [22] provided the necessary 
groundwork that led to several variations of open-tube LPE from Te solutions [23, 
24]. It is difficult to prepare homogeneous, high-quality epitaxial layers even from 
Te-rich solutions, mainly because of the relatively high vapor pressure of Hg 
(-0.1 atm) at typical growth temperatures (-500°C). The initial growth solution 
composition can be drastically changed during the growth cycle due to Hg being 
absorbed into or evaporated from the growth solution [25]. Unless provision is 
made during the growth process to keep the growth solution composition con¬ 
stant, MCT epilayers of uniform composition cannot be grown reproducibly. 
Several approaches have been adopted to overcome this problem. 

Growth of MCT from tellurium-rich solutions was first used in the 1970s 
to grow layers as the required equipment was fairly simple and easy to imple¬ 
ment. The quality, however, was poor due to micro structure, dislocations and low 
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substrate purity, mainly copper contamination [26-28]. The difficulties with sub¬ 
strates and the details of the MCT phase diagram were not well known in the early 
phases of the technology development and this gave problems in run-to-run com¬ 
position reproducibility, and composition gradient control. It was not until Brebrick 
et al. [29] completed their phase diagram studies that accurate control of the com¬ 
position was established. Composition uniformity and reproducibility was also 
complicated by the lack of good temperature control [30]. LPE growth from Te-rich 
melts is usually carried out in quartz crucibles when using the dipping or tipping 
techniques, mainly because quartz is available in very high purity, the melt does 
not interact with the quartz and it can be easily formed. Growth from the sliding 
boat, however, has been carried out in high-purity graphite boats also with great 
success [20, 26]. In [31] we showed data from laser source mass spectrometry of 
LPE layers that proved the absence of interface peaks of impurities that had been 
seen by other groups [32, 33] Layers yield low background n-type levels that support 
this view. 

MCT growth from tellurium-rich solution solves a number of problems encoun¬ 
tered with bulk crystal growth techniques. The most important being the reduction 
of the Hg vapor pressure over the liquid by almost two orders of magnitude at the 
growth temperature. Large-area layers can be grown with thicknesses up to 
~150pmreproducibly. Growth from Te-rich solutions uses three methods, dipping, 
tipping and sliding-boat technologies, and a comparison of the three techniques 
is shown in Table 10.1. 

Dipping LPE reactors were initially very simple, utilizing small transparent gold- 
coated furnaces with melts of-200 g allowing growth on -5 cm 2 substrates. Current 
reactors are capable of growing in excess of 60 cm 2 per growth run and are kept 
at temperature for long periods, >6 months. Melts, on the other hand, last a very 
long time, >5 years. Westphal et al. [30] described a sensor-based reactor capable 


Table 10.1 Comparison of three LPE growth techniques from Te-rich solutions. 


Technique 

Advantages 

Disadvantages 

Sliding boat 

• 

Thickness control 

• Thick layers difficult to grow 


• 

Large area 

• Substrate thickness/ 


• 

Double layers 

planarity control 
• High cost 

Tipping 

• 

Thickness control 

• High cost 


• 

Lowest investment for 
experimental investigation 

• Scale up 


• 

Closed system/good P Hg control 


Dipping 

• 

Thick layer growth 

• Thin layer thickness control 


• 

High throughput 

• Double layers 


• 

Low cost 



• 

Large/flexible area 






Anneal 



Figure 10.9 Schematic of Te-rich sliding-boat arrangement, dimensions in mm [35] (repro¬ 
duced by permission of loM Communications). 


of growing MCT thick layers at relatively high production volumes and excellent 
reproducibility. 

Sliding-boat LPE is the most widely used technique for compound semicon¬ 
ductor LPE in general. It normally consists of a graphite boat with a recess in the 
base for holding the substrate wafer and a movable block with wells that contain 
the LPE solution and that allows the solution to be brought into contact with the 
substrate and then wiped off after growth. Advantages of the technique are the 
efficient use of solution and the ease of growing multilayers. Disadvantages are 
the need for careful machining of the boat components in order to get efficient 
removal of the solution after growth and the need for precisely sized substrate 
wafers to fit into the recess in the boat. The sliding-boat growth process has several 
variants [23] but essentially, a polished substrate is placed in the well of a graphite 
slider and the Te-rich solution is placed in a well in the body of the graphite boat 
above the substrate and displaced horizontally from it (see Figure 10.9). Normally, 
a separate well contains the HgTe charge to provide the Hg vapor pressure needed 
during growth and during cool-down to control the stoichiometry. The boat is 
loaded into a silica tube that can be flushed with nitrogen/argon prior to the 
introduction of Pd-diffused H 2 for the growth phase. The temperature is increased 
to 10-20 °C above the relevant liquidus. A slow temperature ramp (2-3°Ch _1 ) is 
initiated and when the temperature is close to the liquidus of the melt the substrate 
is slid under the melt and growth commences. After sufficient time has elapsed 
to grow the required thickness of MCT (typical growth rates are 9-10 pm h _1 ) the 
substrate is withdrawn and the temperature is decreased to an annealing tempera¬ 
ture before being reduced rapidly to room temperature [13]. Thicknesses of 25- 
30|im are normally produced for loophole diode applications, see [17]. Capper et 
al. [31, 34] showed wavelength uniformity over a 2 x 3 cm LPE layer (see Figure 
10.10 for more recent similar examples on 2 x 4cm LW and MW layers). 

The dislocation density of LPE MCT and its effects on device characteristics has 
received much attention [35, 36]. The dislocation density is dominated mainly by 
the dislocation of the underlying substrate as demonstrated by Yoshikawa [37]. For 
LPE material grown in a sliding-boat system, Baker et al. [20] showed this same 
variation of dislocation density with depth (typical values are 3-7 x 10 4 cm~ 2 ) and 
the effect of dislocation density on diodes is discussed in [17]. 
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Figure 10.10 Wavelength uniformity plots of (a) LW and (b) MW 2 x 4cm LPE layers from 
Te-rich sliding-boat growth (courtesy of Selex Galileo Infrared Ltd). 


The process flow of the via-hole device using LPE material is illustrated in Figure 
10.11 [20, 38]. Using ion beam milling, the MCT is eroded away in the holes until 
the contact pads are exposed. The holes are then backfilled with a conductor, to 
form the bridge between the walls of the hole and the underlying metal pad. The 
junction is formed around the hole during the ion beam milling process. A p-side 
contact is applied around the array. Figure 10.11 shows a photomicrograph of one 
corner of the hybrid illustrating the membrane-like nature of the MCT on the 
silicon. 
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HgCdTe layer grown on 
CdZnTe substrate using 
LPE growth method 


Monoliths of HgCdTe (10 pm 
thick) chemo-mechanically 
polished from layer and 
surface passivated 


HgCdTe monolith 
bonded to silicon 
multiplexer 


III III 



Via-hole cut by ion beam or plasma etch method, back¬ 
filled with metal. Junction around via-hole created by ion 
beam or ion implantation 


Photomicrograph of corner of loophole array 



Figure 10.11 Processing of MCT arrays using LPE material and loophole technology [1 7] 
(reproduced with kind permission of Springer Science + Bussiness Media). 



Figure 10.12 Photograph of a MW OSPREY array and a high-resolution image taken using such 
an array [17] (reproduced with kind permission of Springer Science + Bussiness Media). 


Figure 10.12 shows a photograph of a MW OSPREY array made in LPE material 
and a high-resolution image taken using such an array. 

Important applications in the SW (1-2.5 pm) waveband include: thermal imaging 
(using nightglow), spectroscopy and active imaging using lasers. SW detectors can 
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produce good-quality diodes in the presence of fairly high levels of misfit disloca¬ 
tions. For imaging and spectroscopy applications typical operating temperatures 
are around 200 K and thermoelectric coolers are often offered as standard prod¬ 
ucts. In most SW applications the photon flux is low and it is difficult to achieve 
reasonable signal-to-noise performance. However, it is relatively easy to enhance 
the signal by providing some avalanche gain in the device. Electron avalanching 
in MW MCT loophole diodes has been described [39, 40]. The electron and hole 
ionization rates are very different in MCT and this allows almost pure exponential, 
noise-free avalanche gain at fairly moderate voltages. So, avalanche gain can 
readily be achieved for wavelengths above about 2.5 pm when the absorber region 
is p-type and electrons are the minority carriers. Typically, a gain of 10 is observed 
for around 5 V at a cut-off of 5 pm. 

SW laser-gated imaging systems using avalanche gain in MCT are now being 
reported for use in long-range identification applications [41]. Here, the combi¬ 
nation of sophisticated ROICs and high-quality Te-slider LPE MCT device pro¬ 
cessing is producing 320 x 256 arrays with a sensitivity down to 10 photons 
rms. The advantages of laser-gated imaging in conjunction with other sen¬ 
sors are shown in Figure 10.13 along with a typical pair of images. Figure 10.14 




Figure 10.13 Advantages of laser-gated imaging in conjunction with other sensors along with 
a typical pair of images [41] (reproduced by permission of SPIE). 


























Wide Gate 



Narrow gate behind person 


Figure 10.14 Person standing in front of a fence: illustrates how the range gate can be used 
to simplify the image by removing background clutter or creating a silhouette [41] (reproduced 
by permission of SPIE). 


shows a person standing in front of a fence and illustrates how the range gate can 
be used to simplify the image by removing background clutter or creating a 
silhouette. 

10.3.3 

Summary 

LPE from Te-rich solutions is one of the most successful technologies for the 
preparation of epitaxial MCT of excellent material characteristics. LPE materials 
are being grown routinely for PV and PC detectors with state-of-the-art perform¬ 
ance in the entire 2-18pm spectral region. The high throughput and high yield 
have enabled production of high-performance second-generation FPAs at afford¬ 
able cost. The trend for developing multiple-layer heterojunction structures is 
toward application of vapor-phase epitaxial techniques. LPE will, however, con¬ 
tinue to play a major role in the development of such structures because of its 
simplicity and maturity. This section has demonstrated the SW and MW applica¬ 
tions of Te-rich LPE material, showing excellent image quality and novel effects 
in SW imaging. 
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The Use of a Platinum Tube as an Ampoule Support in 
the Bridgman Growth of Bulk CZT Crystals 

Narayanasamy Vijayan, Veronica Carcelen, and Ernesto Diegaez 


11.1 

Introduction 

In the semiconductor industry, after the high importance and applications of Si 
materials and the very well known III-V family compounds such as GaAs, GaN, 
etc., one could say that the II-VI family compounds based on CdTe are nowadays 
the next one in the list of strategic semiconductor materials used in many impor¬ 
tant applications. In this list, Cd^Zn^Te mixed compounds are without any doubt 
the most important ones, having numerous applications. In these materials, while 
for a value of Zn 4% the applications are concentrated on the use of a substrate 
material for the epitaxial growth of (Hg,Cd)Te (MCT) in high-performance IR focal 
plane arrays, for Zn values in the range of 10% the applications are in the field of 
gamma and X-ray radiation detectors. We will concentrate our discussions on the 
10% Zn concentration that will be termed CZT. 

CZT bulk single crystals are used in a variety of applications, such as in medi¬ 
cine, in PET, SPECT, CT, instruments; in security instruments, for isotope detec¬ 
tion; in space applications, etc. [1-4]. For these applications, bulk CZT high-quality 
single crystals are needed, which requires several important characteristics [5]: 
high resistivity, homogeneous concentration, low density of dislocations, reduced 
number of Te inclusions, high-quality single crystal, and last but not least a volume 
size of several square millimeters/centimeters. These characteristics are not easy 
to be completed taking into account the physical and chemical conditions of the 
CZT family of mixed compounds. 

In fact, the growth of large high-quality CZT crystals is very difficult to obtain, 
and the defects that appears in a given crystal are related to the crystal growth 
conditions and to II-VI compound iconicity: multiple grains produced at several 
nucleation points, striations related to modification of the growth velocity, unsteady 
fluid flow due to variable temperature gradients, variable dopant concentrations, 
etc. For these reasons it is a pressing issue to improve the growth conditions in 
order to increase the amount of high-quality crystal. 

As a first consideration, one must take into account the physical and chemical 
properties of CZT that makes it difficult to obtain large-size high-quality single 
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Table 11.1 General properties of CZT materials. 


Property 

CZT 

Comments 

Melting point (°C) 

1120 

[6] 

Thermal conductivity (W/cm K) 

0.01 

[7] 

Density (g/cm 3 ) 

5.76 

[8] 

Resistivity (12 cm) 

4-9 x 10 s 

[9] 

Hole mobility (cm 2 /V s) 

56 

[10] 

Average atomic number 

49 

[11] 

Dielectric constant 

11 

[12] 

Crystal structure 

Zinc blende 

[13] 

Bandgap (eV) 

1.57 

[14] 


crystals and the unusual thermophysical properties that make CZT growth very 
different from other semiconductor crystals, as is presented in Table 11.1. 

Let us comment on some of these special features that must be considered for 
the CZT crystal-growth process: 

a) CZT has a high melt viscosity and low value of thermal conductivity which 
leads to a Prandtl number, Pr, approximately 0.4, which it is more than an 
order of magnitude greater than a typical molten semiconductor [15-17]: this 
value results from a liquid phase that is semiconducting rather than metallic, 
as is the case of the more common semiconductor melt materials such as Si 
and GaAs, and as a consequence, the coupling between momentum and heat 
transport makes the convective heat transfer in the melt significant and much 
more important than conduction heat transfer under typical growth conditions 
[15, 16]; at the same time the low thermal conductivity of the CZT solid tends 
to increase the temperature gradients in the solid with associated thermal 
stresses in the crystal [15]; 

b) CZT is a weak material that easily dislocates under the influence of thermal 
stress [16], although it must be recognized that the incorporation of Zn 
increases, for example, the shear modulus, which means an increasing stabil¬ 
ity of Zn-containing alloys [18]; 

c) The effect of the latent heat and the thermal conductivity are significant, 
having a large effect in the shape of the solid-liquid interface SLI, which it is 
more concave as the growth rate increases [16]; 

d) The incorporation of Zn into CdTe is essential to produce the ternary high- 
bandgap CZT material with high resistivity, an increased energy of defect 
formation, and a reduction of dislocations and subgrains, etc. [18]; neverthe¬ 
less, this positive fact creates at the same time the inconvenient and deleterious 
effect on the CZT physical properties due to the inhomogeneity concentration 
of Zn in CdTe as a consequence of its segregation coefficient, which is larger 
than one, in the range of 1.16 and 1.35 [18]; the consequence of the fact that 
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CZT is an alloy with this large segregation coefficient is an inhomogeneous 
Zn distribution in both axial and radial directions, unless some restricted 
conditions are considered during or after the crystal growth process: for 
example the use of other elements such as Se or Mn with segregation coeffi¬ 
cient in the vicinity of 1 and it has been demonstrated that they improve the 
quality and homogeneity of the given crystals [18, 19]. 

Considering the previous comments, the growth of large-size and high-quality 
CZT crystals is a difficult task, and in fact its yield is not larger than 15% generally 
claimed for the most important suppliers. For these reasons, any new way that 
will take into consideration this objective must be fully considered. In this chapter, 
our aim will be the growth of bulk CZT crystal by the Bridgman method with the 
use of a Pt tube as the growth ampoule support in order to modify the thermal 
and growth conditions with the final objective of high-quality large-size homogene¬ 
ous CZT crystals. 

The discussions will be presented in the following three sections: in the first, 
the importance of controlling the SLI will be briefly discussed in order to under¬ 
stand the importance for crystal growth and its influence in the crystal quality; 
secondly, other approaches with the use of ampoule support will be presented, 
and finally the results of the use of Pt as an ampoule support for the growth of 
bulk CZT crystals will be presented. 

11.2 

The Importance of the Solid/Liquid Interface 

The SLI is an important feature in any bulk crystal that is grown from the melt, 
which has a strong influence an impact in the properties and the yield of a given 
crystal. All authors who have studied the SLI claim the importance of the control¬ 
led shape of the SLI that drastically influences the compositional homogeneity and 
the crystalline perfection. 

In fact, the shape of the SLI is considered identical to the isotherm shape [20], 
which coincides with the melting point isotherm [15, 17], and is determined by 
the energy balance at the crystal/melt front among the latent heat, heat conduction 
in the solid and in the melt, which is given by the equation fC s .G s = fC m .G m + p s .v.L, 
where fC,, K m are the thermal conductivity; G s , G m are the temperature gradients, 
p is the density, and v is the crystal growth rate, subindices m and s are the melt 
and the solid, respectively. For this reason the control of the SLI is difficult in the 
case of CZT crystals due to the differences between the thermal conductivities of 
the melt and the solid. In general, the interface convexity is defined as the interface 
deformation at the symmetry axis divided by the crystal radius: it has a value or 
zero for planar interfaces, a shape that is used to minimize the thermal stress [21]; 
and it has a positive value for slightly convex SLI when seen from the melt, an 
interface shape that it is desirable in order to improve the grain selection [20], and 
at the same time to eliminate spontaneous nucleation, which can have a drastic 
impact on the yield process, as happens in the case of CZT. 
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There is a strong correlation between the interface curvature and the radial 
segregation along the interface [22], and in fact in concentrated alloys the curvature 
of the SLI depends on the local composition, as has been demonstrated on (Ga,In) 
Sb alloys [23]. This effect has great importance for alloys with a segregation coef¬ 
ficient different from unity, as happens for Zn in the case of CZT materials, and 
in these cases, the chemical segregation coupled with the thermosolutal convec¬ 
tion would lead to huge deformations of the SLI, with interface curvatures that 
could be even larger than the sample diameter. In this way, an interesting aspect 
is the possibility to mark the SLI, which has been carried out in the case of con¬ 
ductor or semiconductor melts by the application of temporal electrical pulses 
during the growth process, followed by revealing the marked interface with a 
metallography process [22], 

Another important aspect is the relation between the shape of SLI and the 
defects that appear as a consequence of this shape. A concave SLI will produce 
twins, multiple grains, undesirable defects at the walls of the ampoule followed 
by its propagation towards the center of the crystals [15], a feature that currently 
happens in CZT bulk crystal, unless precise control interface is considered; while 
a convex isotherm will lead to a convex SLI, often producing the best crystal- 
linitywith a high percentage of single-crystal material, and suppresses any para¬ 
sitic nucleation coming from the ampoule wall [20, 24]. Nevertheless, when the 
segregation phenomenon takes place in a given composition, a flat isotherm is 
desirable [24]. 

There are several ways to promote a given interface shape during Bridgman 
growth, and probably the best one is to design an adequate thermal environment, 
as has been simulated very recently and applied to the growth of CZT crystals [16, 
25]. If the furnace design control is essential for promoting a given interface shape 
[17], other complementary approaches are also very important that significantly 
influence the thermal distribution, such as: a given support structure of the 
ampoule that contains the melt during the growth by Bridgman method, an 
approach that will be discussed in the next section; the use of external vibrational 
arrangements with electromagnetic vibrators that produce an increase of the tem¬ 
perature near the SLI compared with nonvibrational fluid avoiding constitutional 
supercooling effects, recently applied for alloys [26]; the use of pyrolitic boron 
nitride pBN crucibles that display steeper axial temperature gradients and promote 
convex SLI shapes in the growth of CZT crystals, but at the same time would create 
larger radial temperature gradients that could lead to higher dislocations density 
[15]; by contrast, for the same CZT material, the SLI in a given graphite crucible 
would exhibit a more concave shape with respect to the melt, and at the same time 
the axial thermal gradient through the crystal would increase as the growth pro¬ 
ceeds, PBN crucibles having the advantage that they flatten the SLI shape in the 
case of CZT crystal growth. 

For all the reasons noted above, it is extremely important to control of the shape 
of the SLI in the growth of CZT bulk crystals to obtain large grain size with homo¬ 
geneous composition. The crystal-growth conditions are essential parameters to 
control, but the thermal environments are probably the most critical parameter to 
take into account. 
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11.3 

Approaches for Crystal Growth Using Ampoule Support 

In order to control the SLI one must taken into account the thermal environments, 
and in consequence the use of any kind of heater shield and/or an ampoule 
support in the methods of growing crystals from the melt. In fact, during recent 
decades, the idea of using a crucible base cooling as a heat sink to promote a 
nucleation point and/or to facilitate the growth process it has been deeply employed 
in the growth of bulk crystals from the melt and from the vapor. In consequence 
in both of the two most popular methods, Czochralski CZ and Bridgman BR 
method of growing large crystals, this approach has been widely applied. In 
general, several experimental solutions have been used: a metal support as a heat 
sink, an actively cooled stainless steel, water-cooled and air-cooled jets, radiation 
channels to promote favorable interface shapes, etc. In the forthcoming sections 
a summary of some approaches will be given that have been used as crucible base 
cooling either as a cold finger or as ampoule support, with the main objective of: 

(i) producing a nucleation point at the beginning of the growth process with a 
successful seeding and in consequence a more favorable SLI shape, and (ii) creat¬ 
ing the experimental conditions during the whole process of growth in order to 
improve the SLI interface, going to a slightly convex SLI shape as is required from 
a theoretical point of view in all of the crystal-growth processes. Figure 11.1 shows 
the several experimental approaches that will be discussed in the next sections. 

a) Cockayne et al. [27] proposed crucible base cooling in CZ crystal growth applied 
to oxide crystals (Figure 11.1a), using a gas coolant during the CZ growth in 
order to improve the crystal diameter for materials by transporting the heat 
away from the SLI, or in order to develop shallow radial temperature gradients 
in the molten state; the consequence of the modification of the thermal field 
by this way is the reason for the changes in the radial temperature gradients 
and the final goal of improving the SLI from initial planar to slightly convex 
shape. In the same way and years later, the group of Derby [28] simulated the 



(a) 





Figure 11.1 Different configurations of the ampoule support. 
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effect of the pedestal heat transfer on the flow in the melt, demonstrating that 
in a CZ melt, the heat lost through the pedestal strongly affects the flow in the 
melt, coming to the conclusion that more heat leaves the melt from the cru¬ 
cible bottom as the thermal conductivity of the pedestal increases. 

b) Another approach is the well-known heat exchanger method HEM with a long 
history in crystal growth, although recently it has been revitalized. In this 
method (Figure 11.1b), the growth process is carried out in a closed chamber 
where the crucible containing the melt is cooled in a controlled manner by the 
use of a cold finger located in the bottom of the crucible [29-36]. The list of 
materials grown by HEM is rather large: sapphire [29, 30], BGO [31], multic¬ 
rystalline Si [32], mixed fluorides [33] tungstates [35], etc. In this approach a 
convex freezing isotherm is produced during the crystal growth, a precise 
control of the temperature gradient that is necessary for the crystal growth 
being the most critical point and in consequence the ingot obtained normally 
contains large numbers of bubbles and striations along the whole ingot due 
to the temperature isotherms, which represents a problem when doped crys¬ 
tals are required. 

c) In the 1980s bulk Hgl 2 crystals mainly used for X- and gamma-radiation detec¬ 
tors were grown from the vapor phase [37, 38]. The crystal process was suc¬ 
cessfully carried out using an experimental approach where an indented 
ampoule forming a pedestal was used to locate a metallic support acting as a 
cold finger as is shown in Figure 11.1c, considering the low temperature of 
the process in the range of 100 and 150 °C, and taking into account the physical 
and chemical properties of Hgl 2 . The cold metallic finger acting as heat 
exchanger is in contact with the external part of the pedestal of the ampoule, 
and in this area the seed selection of the crystallization process takes place that 
sometimes requires temperature oscillations of the cold finger [37, 38]: the 
process is continued by slightly modifying both the temperature of the cold 
finger and the several lateral furnaces. Other authors have improved experi¬ 
mentally and modified this approach and/or have simulated the growth process 
successfully applied for bulk Hgl 2 crystals [39-43]. 

d) In Bridgman method all the approaches have been used, they have considered 
either the heat extraction from the ampoule support in different ways, or the 
heat exchange in the SLI through different geometries of movable or static 
heat shields as is shown in Figure 11.Id. For the growth of GaSb crystals, Koai 
et al. [20] simulated the effect of a given ampoule support, and they claim that 
a more useful approach uses a concentric cylinder design in order to promote 
the interface convexity. In this way, several papers have been published by 
Derby and coworkers [25, 44] where the effect of several geometries and mate¬ 
rial support have been simulated, with a clear objective to control the shape of 
the SLI; when it is applied to CZT, the effect of given ampoule supports will 
enhance the flow of heat in the axial direction while minimizing radial heat 
flow, and in consequence the convex interface is promoted with a better crystal 


11.4 Results and Discussions | 201 

yield compared with other designs. In summary, with this brief list of experi¬ 
mental approaches one can demonstrate the prime importance to take into 
consideration a precise control of the SLI. 


11.4 

Results and Discussions 

As has been described in the previous section, the use of any kind of cold finger 
in crystal growth is not new, and the experimental results described in this section 
will go along the same line. In a recent paper, Kuppurao and Derby [25] where the 
effects of different ampoule supports have been simulated in the case of the 
growth of CZT bulk crystals by the Bridgman method, they analyzed the role that 
can be played by the use of a given support with thermal conductivity large enough 
compared with the material to be grown. They came to the conclusion that a given 
geometry of a shallow cone sitting upon a composite support made of a highly 
conducting core and a less conducting outer sheath promotes the axial heat trans¬ 
fer while inhibiting the radial thermal flow, and hence a convex SLI shape toward 
to the melt would be created. 

Bearing in mind the above consideration, the objective of this chapter has been 
to have a practical approach to this idea, and to propose the use of a Pt tube as a 
fixed support for the ampoule that contains the melt, and in the same way to study 
the effect in the quality and grain size of CZT crystals grown by the Bridgman 
method. 

The Bridgman geometry that has been used is shown in the Figure 11.2, where 
a schematic representation is presented. The vertical Bridgman furnace has a 
single zone, in the central region of which is located the ampoule for the CZT 
growth. The furnace is a commercial Kanthal Type R-made of Si/Mo alloy, with 
a length of 60 cm and an internal diameter of 40 cm. At the axial center of the 
furnace is located the control thermocouple of type S, taking into account that 
the extreme point of this thermocouple is exactly located at the same position of 
the Si/Mb alloy of the furnace for a better control of the furnace temperature. 

In the present experimental study, a quartz ampoule was used that has an inner 
diameter of 23 cm, a thickness of 2 mm and a length of 30cm with the length of 
the solid CZT material being 7.5 cm. The tip of the ampoule has a nearly flat shape, 
and it is closed on the upper part with a quartz rod. In this growth process, the 
ampoule is supported by a quartz tube of the same diameter and a length of 35 cm, 
and by a Pt tube with an external diameter of 23 cm, a thickness of 1mm, and a 
length of 20 cm, which is inserted in this quartz tube. Simultaneously, the ampoule 
is mounted on its central part on another quartz tube of 10 cm of external diameter 
and a thickness of 1mm where three thermocouples, A, B and C, are located on 
its interior in order to measure the temperature profile, covered with alumina wool 
to avoid any air convection. Another 6 thermocouples are located at the exterior 
part of the quartz ampoule in a circular position with a distance of 1.5 cm, in such 
a way that the SLI could be controlled at each moment. It is worth noting that the 
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Figure 11.2 Schematic representation of the Bridgman furnace with a Pt support. 


thermocouples 1-5 are in front of the melt/solid CZT at a given time, whereas the 
thermocouple named -1 is at 1.5 cm down the tip of the ampoule. Using this 
geometry, three temperature gradients could be measured at any time: the axial 
temperature gradient during growth by some of the 1-5 thermocouples, the radial 
temperature gradient by thermocouples 1 and A, and the effect of the Pt support 
on the axial temperature gradient measured by thermocouples A-C. Finally, if one 
considers that the temperature measured by any of the given 1-5 thermocouples 
coincide with the melting point, one can be able to know the evolution of the SLI 
with time can be determined, that is, the growth rate of the material. 

All this process is controlled automatically as is shown in the Figure 11.3, where 
a photo of the real experimental is presented. At the same time, the temperatures 
of all the thermocouples used for measuring the temperature located in the sec¬ 
tions described above are registered automatically on a computer, by using the 
experimental facilities of the system PICOLOG. 

In Figure 11.4 a photo is presented that shows the experimental arrangement 
described above: the growth ampoule, the Pt support, and some of the thermo¬ 
couples; A-C and 1-5. In this figure it can be seen that all of the lateral thermo¬ 
couples located circularly around the ampoule are fixed with Pt wire. 

The quartz ampoule for the growth experiment is prepared in four steps: clean¬ 
ing of the ampoule, graphitization of the ampoule, starting materials introduced 
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Figure 11.3 View of the whole furnace assembly. 



Figure 11.4 Filled ampoule tied to a Pt support. 


in the ampoule, and closing of the ampoule. The cleaning process of the quartz 
ampoule is carried out in four steps: first, the ampoule is rinsed with trichloroeth¬ 
ylene, acetone and methanol; them it is filled with aqua regia (HC1 and nitric acid 
in a volume ratio of 3:1) and left for 24 h; then the ampoule is cleaned with distilled 
water and filled with hydrofluoric acid and left for 3 h; finally, the ampoule is rinsed 
with distilled water. In order to prevent the sticking of the melt to the quartz wall, 
a graphitization process must be carried out, which it is done using 500 pi acetone 
at 1000 °C. Later, the starting materials are introduced within the ampoule in the 
following order: Te, Zn, and Cd, the process being carried out in a clean atmos¬ 
phere. Finally, the ampoule is held at a vacuum better than 10~ 6 torr for 24 h before 
being sealed. The whole process of the preparation of the growth ampoule takes 
three days, and it is worth noting that this process is kept constant for all the. After 
this process, the ampoule is introduced into the furnace with no time delay. 






204 | 11 The Use of a Platinum Tube as an Ampoule Support in the Bridgman Growth of Bulk CZT Crystals 

The complete crystal-growth process takes about 25 days in three steps: heating 
process, growth process and cooling process, (i) The heating process is carried out 
taking into consideration the melting point of the starting elements in the follow¬ 
ing way: it begins with a ramp of 50°C/h from RT to 500 °C, remaining at this 
temperature for 12h, followed by a second heating process at a rate of 50°/C in 
order to reach 900 °C and being held at this temperature other 12 h; then 1000 °C 
is attained at a ramp of 50°C/h and held for 12 h, and finally the maximum tem¬ 
perature of 1150 °C is reached in 4h. This maximum temperature is used when 
the composition of Cdi^Zn^Te (x = 15%) is prepared, considering a superheating 
of about 15 °C. At this temperature, a process of oscillation of the furnace is carried 
out by oscillating the furnace from the vertical position +15 0 and -15 0 (clockwise 
and counter-clockwise) for about 30min, automatically for 60 cycles. Both experi¬ 
mental approaches of oscillation and superheating were executed with the objec¬ 
tive of obtaining a good mixture and breaking down of the Te clusters, respectively, 
as an important step for the production of large grain size in CZT bulk crystals, 
(ii) The growth process is done by the displacement of the ampoule at a rate of 
0.4mm/h. Afterwards, the (iii) cooling process is carried out in the following way: 
from the maximum temperature of 1150 to 900 °C a first cooling process is done 
at a rate of 5°C/h, followed by 10°C/h to 750°C, and finally a rate of 25°C/h to 
room temperature. 

The radial and axial temperature gradients throughout the growth process have 
been taken using the thermocouples described above, these values being the 
average of two experiments in both sets with and without Pt tube, and considering 
that the position of the SLI interface is indicated for the thermocouple that shows 
the melting point temperature. As can be seen in Figure 11.5, both axial and radial 
temperature gradients increase during a given experiment when Pt is used as a 
support of the ampoule, this increase being a factor of two for the values of the 
radial temperature gradients, whereas in the case of the increases in the axial 
temperature gradient the factor is about 50%. These results must be due to the Pt 
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Figure 11.5 Radial (a) and axial (b) temperature gradient of the grown ingot with and without 
the Pt tube. 
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Figure 11.6 Wafers of the grown ingot with and without a Pt support. 


tube, and the increasing length of the solid during the growth process considering 
the difference in thermal conductivity between solid and melt, taking into account 
that the Bridgman geometry will give a constant temperature gradient. 

Otherwise, it is worth noting that in both cases the values of the radial and axial 
temperature gradients for the experiments using Pt tube support are larger than 
the experiments without Pt tube support. These results could be of great interest 
because it could indicate that constitutional supercooling can be avoided in the 
case of using a Pt tube as a support in the growth ampoule, and in consequence 
a flatter SLI could be produced with no roughness and in consequence better 
crystal quality. In fact, the analysis of the crystal quality performed on both set of 
samples that have been obtained with experiments carried out with and without 
Pt tube as a support in the growth ampoule gives interesting results. Figure 11.6 
presents the results of two etched wafers in order to reveal the grains [45] that have 
been selected from similar positions in different ingots. In this figure it can be 
seen that the wafer removed from the ingot grown with a Pt tube as a support in 
the growth ampoule show larger grain size and nearly a single grain, while the 
wafer from the experiment carried out without a Pt tube shows several grains and 
a couple of large twins, taking into account that both experiments have been 
carried out on similar experimental conditions. So, the enhanced large grain size 
must be attributed to the use of the Pt tube. 

In order to examine the crystal structural quality in both set of samples, high- 
resolution X-ray rocking curves were performed on the (110) polished surface with 
the same geometrical conditions using a Bruker D500 HR X-ray diffractometer, 
at is shown in Figure 11.7, where in both cases a single peak with high intensity 
appears. The FWHM value is 0.12° for the sample where the Pt tube was used, 
where a larger value of about 1 ° is obtained for the samples where the Pt tube was 
absent. While in the first case a single peak with low value of the FWHM indicates 
a good crystal quality, the broader peak in the second case is a consequence of 
poorer quality and a crystallinity deterioration when the Pt tube is absent. This 
last result, together with the appearance of many grains and twins clearly indicates 
the advantage of using a Pt tube as a support in the growth ampoule. 
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Figure 11.7 Recorded rocking curve for the ingot grown with (a) and without (b) a Pt tube. 
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Figure 11.8 FTIR spectrum with and without a Pt support. 


With the same objective of quality comparison of both samples, infrared (IR) 
transmittance spectrum was recorded. As can be observed in Figure 11.8, the 
spectrum obtained in the wave number region of 1000-5000 cm -1 shows a larger 
transmittance for the sample obtained from the experiment carried out with a Pt 
tube with a value larger than 65%, while the transmittance value for the sample 
grown without a Pt tube as an ampoule support shows a rather lower value. Once 
more this result supports the advantage of using the Bridgman geometry with a 
Pt tube, which enhances the crystalline perfection of the grown ingot. 

Another important topic in the preparation of CZT samples for detector applica¬ 
tions is the Zn concentration along the grown ingot. As its segregation coefficient 
is larger than one, this concentration reduces along the growth direction. Con¬ 
sidering this, we have analyzed the Zn concentration by EDX analysis along the 
radial and the axial direction. In Figure 11.9, the Zn concentration along the radial 
direction is shown for two samples (1,2) that have been selected from similar 
positions at 10 and 20 cm, respectively, from the tip of the ampoule, both ingots 
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Figure 11.9 Crown samples analyzed by EDX (with and without a Pt tube). 



being grown, respectively, without (a) and with (b) a Pt tube as a support for the 
growth ampoule. In the samples where the Pt support tube was used, the Zn 
concentration is higher and slightly more uniform that the experiment carried 
without Pt tube, that is, the SLI is relatively flatter and more uniform for the 
experiments using a Pt tube. 

At the same time, the Zn concentration along the axial growth direction was 
analyzed in both experiments and the results are shown in the Figure 11.10, for 
CZT ingots of a total length of 45 mm. In the ingot that has been grown without 
a Pt tube, the Zn concentration follows a similar behavior, as has been published 
several times as a consequence of a segregation coefficient of about 1.35, with a 
maximum Zn concentration around 10-20% of the solidified fraction, decreasing 
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to the end of the ingot. By contrast, when a Pt tube is used as a support on the 
growth ampoule, the Zn concentration remains practically constant along the 
analyzed ingot. 

The presence of surface defects was examined by scanning electron microscope 
(SEM). The sliced specimens of the crystals grown with and without Pt were sub¬ 
jected to etching analyses using H 2 0 :HN 0 3 cc :HF cc :AgN 03 solution and then the 
surface (110) was gently cleaned with soft tissue paper. The micro defects formed 
on the surface is mainly due to the nature of growth parameters like supersatura¬ 
tion, temperature, impurities and mass and heat transport processes. The etch pits 
were observed on the surface of the both the samples and the etch pits density 
(EPD) was calculated. The EPD was found to be 6 x 10 4 (with Pt) and 1.2 x 10 5 
cm -2 (without Pt) respectively [47]. 


11.5 

Conclusions 

In summary, the use of a Pt tube as a support in the growth ampoule in CZT 
crystals seems to be a good alternative for getting the correct environmental condi¬ 
tions to enlarge the grain size, to improve the crystal quality of the samples, and 
to get a more uniform Zn concentration along the whole ingot. In fact, this geo¬ 
metrical arrangement is not unique, and other geometrical approaches can be 
proposed, and probably be used with more success. Not only geometrical 
approaches, but other support metals with larger or lower thermal properties will 
be of great importance. Just as one example, in Table 11.2, the thermal properties 
of other materials are shown, although they must be considered in comparison 
with Pt, quartz, mullite and alumina, which are very well known materials used 
in daily experimental growth processes. In this table we can appreciate the strong 
difference in these properties of the different materials that can be used as a cold 


Table 11.2 Physical properties of different materials. 


Material 

name 

Melting 

point 

T. n(K) 

Thermal 
conductivity 
W/(m K) 

Emissivity 

(e) 

Density p 
(gem- 3 ) 

Specific 
heat C p 
(1 g 1 K ') 

Thermal 
expansion 
coefficient 
a (xl 0 6 K 1 ) 

Ref. 

Quartz 

1510 

2.8 

0.6 

5.71 

0.4184 

11 

[25, 46] 

Graphite 

4200 

25-470 

0.98 

1.3-1.95 

0.71-0.83 

6.5 

[48-50] 

pBN 

2073 

2 

0.500 

1.95-2.22 

1.97 

2.6 

[51, 52] 

Platinum 

2042 

71.6 

0.97 

21.45 

0.13 

9 

[53-55] 

Lanthanum 

1193 

13 

0.282 

6.15 

0.195 

12.1 

[56-58] 

Molybdenum 

2896 

139 

0.18 

10.28 

0.251 

4.8 

[54, 56, 59] 

Ceramic 

2023 

231 

0.69-0.45 

3.9 

0.85 

8 

[60, 61] 

Tungsten 

3695 K 

170 

0.27 

19.35 

0.13 

4.5 

[54, 62-64] 





References | 209 

finger instead of platinum. In addition, an experimental arrangement with move¬ 
ment of the Pt tube following the SLI will enhance without doubt the possibility 
of obtaining good crystalline quality of the grown ingot, an approach that it is being 
done in our laboratory, and future results in the growth of bulk CZT crystals will 
be published soon. 
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Modeling and Optimization of Oxide Crystal Growth 

Svetlana E. Demina, Vladimir V. Kalaev, Alexander T. Kuliev, Kirill M. Mazaev, 
and Alexander I. Zhmakin 


12.1 

Introduction 

Most oxide crystals have high melting temperatures that hamper experimental 
investigation of the growth process and the involved heat-transfer mechanisms 
in situ and, thus, optimization of the process. Attempts are made to exploit the 
physical simulation of crystal growth. For example, silicon oil was used to imitate 
the flow in the Czochralski (Cz) crucible [1, 2], including a baroclinic instability 
resulting in cold plumes detaching from the crystal and descending towards the 
crucible bottom. Gorbunov et al. [3] exploited a eutectic mixture InGaSn with a 
melting point of 285 K as the model substance and achieved the simultaneous 
equality of four criteria (the Grashof number, Hartmann number and two Rey¬ 
nolds numbers, determined by the “crystal” and the crucible rotation rates) in the 
physical experiment to that in industrial 200-mm Si growth. Interface shapes in 
Cz growth of yttrium aluminum garnet (YAG) single crystals were simulated using 
NaN0 3 [4], 

Still, it is impossible to simulate issues such as the Marangoni effect, the shear 
stress, caused by the gas flow over the melt surface [5], the interface curvature, or 
growth of semitransparent crystals. Only numerical simulation can both provide 
insight into the intricate interaction of the different heat transfer mechanisms and 
aid the optimal design of the equipment and/or growth process [6-8]. The neces¬ 
sary stages of the model development are verification (an assessment of the cor¬ 
rectness of the model implementation) and validation (an assessment of the 
adequacy of the model to the real world) [9, 10]. 

The chapter presents the simulations of the growth of some oxide single crystals 
from the melt using the numerical model coupling the global heat transfer analysis 
in the whole furnace with a detailed description of heat transfer in the hot zone 
that accounts for the specular Fresnel reflection at crystal surface; the model was 
implemented in the software package CGSim [11]. 
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12.2 

Radiative Heat Transfer (RHT) 

In the growth of opaque semiconductors [8] when all surfaces reflect diffusively 
and all solids and fluids present in the growth process are either opaque or trans¬ 
parent, computation of gray radiation using configuration (view) factors (a “sur¬ 
face-to-surface” model) [12] is all one needs. In the case of semitransparent crystals 
such as oxides 1 * when some surfaces exhibit specular reflection and/or the crystal 
or the melt should be treated as a semitransparent medium one should account 
for all the relevant optical phenomena such as absorption, scattering, refraction, 
diffuse and specular reflection. 

Internal radiation through the crystal depends largely on the absorption coeffi¬ 
cient and the refractive index that determine the radiative heat transfer inside the 
crystal and reflection and refraction of radiation at the crystal side surface, respec¬ 
tively. The absorption coefficient of a melt is generally much greater than that of 
a crystal, allowing the former to be considered opaque (that is, however, not true 
for fluoride melts [14]). Therefore, radiation is crucial in heat removal from the 
melt through the crystal/melt interface; RTH within the crystal can even lead to 
instability of the crystallization front [15]. As the refractive index is large, multiple 
reflections and refractions at the crystal side surface occur. The side surface of 
single crystals is specular rather than diffusely reflective. 

Oxide crystals have a small thermal conductivity in both the solid and liquid 
phases, thus heat transfer is determined by convection in the melt and by radiation 
in the crystal. The radiative heat transfer through the crystal renders the interface 
deeply convex toward the melt as has been well known for forty years [16], while 
the effect of convection is two-fold. If the rotationally driven forced convection 
dominates, the maximum of the thermal flux distribution along the interface on 
the side of the melt is at the center of the interface and convection tends to deflect 
the interface toward the crystal [17]. Otherwise, if buoyant convection is dominant, 
then the maximum of the thermal flux is shifted to a tri-junction line and the 
crystallization front is deflected toward the melt. An increase of the absorption 
coefficient of a crystal and a decrease of the absorption coefficient of a melt dimin¬ 
ish the convexity of the crystal/melt interface toward the melt. The control of the 
interface shape is one of the most important tasks in crystal growth since large 
interface deformation results in significant thermal stress that stimulate defect 
formation [7, 18, 19]. 

An increase of the crystal radius or/and the crystal rotation rate during growth 
leads to a change of the flow pattern in the melt, which is accompanied by the 
interface inversion (the term “reversion” is also used sometimes [20]), that is, 
the abrupt change of the crystal/melt interface from convex to concave toward the 
melt when forced convection becomes dominant [21]. A study of the growth stria- 
tions revealed that the spontaneous interface inversion frequently occurs at the 

1) The growth of oxide crystals is the oldest industrial process: it was started over a century ago 
with ruby and sapphire [13]. 
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shoulder-trunk transition and could be accompanied by the appearance of the 
“filamentary” defects seen as hollow ducts under the microscope [20]. The critical 
Reynolds number Re c at which the interface inversion occurs decreases with the 
optical thickness, if the latter is relatively small [22]. The interface inversion could 
also be used as an intentional (“controlled”) action on the growth process aimed 
at keeping the crystallization interface as flat as possible [20]-the thermal stresses 
are minimal near Re c [21]. 

The influence of the crystal length is manifested mainly through the variation 
of the melt depth that can result in a change of melt flow pattern. It is just this 
aspect of the problem that was given the most attention in simulating oxide growth 
(see, for example [22-27]). 

However, although the inversion phenomenon is hardly possible in the absence 
of the volume radiation transport, internal radiation plays an auxiliary role in 
traditional Czochralski growth characterized by significant temperature gradients 
in the melt, the shape of the crystal/melt interface being mainly controlled by 
convection. In contrast, in the low thermal gradients Czochralski (LTG Cz) growth 
the natural convection is weak and can not be responsible for the observed varia¬ 
tions of the crystallization front. Flow patterns in the melt are not changed signifi¬ 
cantly with crystal length; thus, variations of the crystallization front during the 
growth are determined mainly by internal radiation [28], which in turn depends 
on the absorption coefficients of the crystal and melt, the refractive index of crystal, 
and the reflective properties of the crystal side surface. 

Thus, semitransparency of the crystal significantly influences both the global 
heat transfer in the growth facility and the shape of the crystal/melt interface [26, 

29]. The intensity and the distribution of the radiative heat flux from the interface 
can markedly change with the crystal length during the growth in crystals with a 
high refractive index, the effect of the total inner reflection being responsible for 
this variation [28]. Other effects are also observed. For example, incorporation of 
microbubbles at the phase boundary [30] results in the appearance of a diffusively 
transmitting and scattering boundary that could lead to nonmonotonic tempera¬ 
ture variations in optical crystals [31]. 

Simulation of multidimensional RHT in a participating medium remains thus 
far difficult. Detailed comparison with experimental data [32] shows that the dif¬ 
fusion approximation of RHT via an additional “radiative” thermal conductivity 
(the Rosseland approximation [14]) used, for example, in Ref. [33] to study CaF 2 
melt growth, does not describe correctly the temperature distribution in the growth 
system. Thus, advanced models, such as the discreet exchange factor method [34] 
or the characteristics method [35, 36] are needed. 

Different assumptions and approximations are used in considering RHT prob¬ 
lems in crystal growth. In an effort to study the effects of internal radiation within 
YAG and gadolinium gallium garnet (GGG) crystals, Xiao and Derby who simu¬ 
lated Czochralski growth using steady axisymmetric formulation [26, 27] assumed 
that the crystal is totally transparent and its side surface is covered by a vanishingly 
thin opaque film. This simplification frequently is claimed to be valid for real 
systems due to the parasitic deposition of impurities. Indeed, wall deposits are 
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usual in the chemical vapor deposition reactors (and often are semitranspar¬ 
ent, increasing considerably the complexity of computations of RHT if the film 
thickness is comparable to the radiation wavelength), but this phenomenon is 
hardly a universal one in melt crystal-growth processes. An opaque crystal surface 
means that the refractive index of the crystal has no effect on the heat transfer. 
These restrictions were removed in Ref. [37], yet the crystal absorption coefficient 
was taken as constant and quite large since for solution of the radiant transport 
equation the PI-approximation was used. 2 * A similar approach was used also in 
[21, 23, 39] to study the effect of the absorption coefficient on the crystal/melt 
interface for lithium niobate and garnets. The spectral dependence of the absorp¬ 
tion coefficient is often approximated by a simple two-band model when the 
medium is assumed to be either totally transparent or opaque [40]. 

Galazka et al. [41] studied the role of the internal radiation on the heat transfer 
during growth of YAG single crystal by the Czochralski method using the band 
approximation model with an effective thermal conductivity based on the detailed 
(with the wavelength step of 50nm in the spectral range from 0.8pm to 4.2 pm) 
measurements of the transmission characteristics of the crystal at room tempera¬ 
ture; the experimental data was exploited to calculate the so-called Planck and 
Rosseland mean absorption coefficients a P and a R that enter into expressions for 
the optical thickness t = Lja P a R and the “nongrayness” factor r\ = Lja P /a R . 

Banerjee and Muralinder [42] simulated Czochralski growth of YAG crystals 
accounting for solid, liquid and gaseous phases in the furnace using axisymmetric 
formulation and a single domain approach, wherein the physical parameters are 
allowed to vary in accordance to the individual phases [42]; the S N discrete ordinate 
method was exploited for the RHT computation. A few comments are due. The 
assumption that the gas density is constant is the well-known Boussinesque 
approximation that is known (as well as the extended Boussinesque approximation 
allowing for the temperature dependence of the transport coefficients) to be rather 
inaccurate when temperature variations are comparable with the average tempera¬ 
ture [43]. The authors’ note on the “possibility of the superheating of the crystal 
beyond its melting point” reflects, probably, a numerical artifact-the authors 
themselves state that “in physical terms superheated regions in a crystal will 
undergo melting”. In contrast to supercooled liquid that is in a metastable state 
(with high deviation from the crystallization temperature-for example, almost 
40°C for water, up to 20K in bismuth germanate (BGO)growth [44]), the super¬ 
heated solid could not exist 31 since there is no energetic barrier for melting. 
Moreover, at the temperature of the solid below, but close to the melting tempera- 


21 The absorption coefficient of oxide crystals 
is wavelength and temperature dependent; 
for example, its value for sapphire at 
1073 K is four times greater than at room 
temperature at 1 = 4 pm and 75 times 
greater at A = 5 pm [38], 


3) Stricly speaking, the nonequilibrium state 
of solid with the temperature higher than 
the melting temperature could be attained 
with ultrahigh-speed heating that could be 
provided, for example, by an intense laser 
irradiation or a shock-wave loading [45], 
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ture, the phenomenon of premelting (appearance of the thin liquid layer at the solid 
surface) is observed for a wide class of materials including water, semiconductors, 
and metals [46]. 

The effects of the specular reflection in the crystal-growth modeling have 
drawn less (compared to semitransparency issues) attention so far. The first 
computations accounting for this phenomenon were done for BGO crystal 
growth in LTG Cz system using the characteristics method [36]. The shape of the 
crystal/melt boundary has been fixed; self-consistent computations have been 
reported in Ref. [28]. It was shown that incorporation of the specular reflection from 
the crystal inner surface, first from its conical part (and thus taking into account 
the large value of the refractive index for BGO crystal), allows one to reproduce the 
cardinal change of the interface shape with the crystal length observed in the 
experiments. 


12.3 

Numerical Model 

Numerical study of bulk crystal growth requires the use of either moving compu¬ 
tational grids or a regeneration of the grid. The latter approach is attractive since 
usually the characteristic time of the crystal shape changes is large compared to 
the hydrodynamic/thermal time and one can consider a set of stationary problems 
corresponding to the different stages of the growth process. 

The local crystal-growth problem should be linked to the thermal environment 
in the furnace (global model) [7] that includes heat conduction in the solid parts 
of the furnace, the gas flow and the radiative heat transfer. Thus, the problem has 
been divided into two subproblems: 

• Global heat transfer: Heat transfer in the whole crystal growth furnace in the 
domain D global ; 

• Local (hot zone) heat transfer: Heat transfer in the crystal, melt and the 
surrounding solid parts of the growth furnace D local . 

The global problem is usually solved in axisymmetric formulation, while either 
a 2D or 3D local problem is considered, depending on the nature of the melt flow. 
A self-consistent solution of the problem is obtained via the iteration of the solu¬ 
tion of the heat-transfer problems in the domains D global \D local and D local , coupled 
by the thermal conditions on the common boundary dD\ at the first iteration the 
solution is sought in the domain D global with some simplifying assumption on 
the nature of heat transfer in the hot zone. Sometimes one global iteration is 
sufficient if the thermal boundary conditions on dD are written in terms of heat 
fluxes [47]. 

The temperature distribution inside the solid block obeys the usual scalar equa¬ 
tion of thermal conductivity; the thermal conductivity tensor should be used for 
anisotropic materials. The source term is zero except in the electrically conducting 
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elements (such as the metal crucible wall) of the furnace with RF heating where 
the AC electric current in the coil induces the eddy current that determines the 
heat power release. 

Radiative heat exchange between opaque surfaces through a nonparticipating 
fluid can be accounted for under the assumption of gray-diffusive surface radia¬ 
tion. Computation of the configuration factors (view factors) with account for the 
shadowing effect is described in detail in [12]. The melt and gas flows are governed 
by the Navier-Stokes equations for the incompressible fluid and by low Mach 
number (hyposonic) equations. The radiation problem has been solved under the 
following assumptions: the melt is opaque, the crucible wall is diffusely reflective, 
while the crystal side surface and the free melt surface can be either diffusely or 
specularly reflective. Local and global subproblems are matched along the free 
melt surface and the crystal/melt interface. 

Formulation of the radiative heat-transfer problem and the modified for this 
case relation that determine the crystallization front position can be found in Ref. 
[48] along with the solution method for axisymmetric case; the numerical method 
for RHT has been extended to the 3D case in Ref. [49]. 


12.4 

Results and Discussion 

The model was implemented in the CGSim software package [11]. The properties 
of the crystals and their melts used in computations are listed in Table 12.1. 


Table 12.1 Properties of oxide crystals and their melts. 


Property 

Unit 

ai 2 o 3 

Y 3 AI 5 O n2 

Bi 4 Ce 3 0 12 

Crystal 

Refractive index 

- 

1.77 a) 

1.8 b| 

2.15 

Melting temperature 

K 

2327 

2243 

1323 

Thermal conductivity 

W (m K) -1 

5 

8.0 

1.2 

Specific heat 

J(kgK)- 1 

1430 

800 

1000 

Latent heat of fusion 

kJ (kg) 1 

1407 

455.4 

156 

Melt 

Density 

kgm 3 

3030 

3600 

6650 

Specific heat 

J(kgK)- 1 

1260 

800 

300 

Thermal conductivity 

W (mK)' 1 

2.05 

4.0 

0.78 

Emissivity 

- 

0.33 

0.3 

0.8 

Dynamic viscosity 

kgm _1 s _1 

0.057 

0.046 

0.044 


a) At532nm. 

b) The dependence of the refractive index of YAG crystal on the wavelength is rather weak in the 
spectral range 500-2000nm and could be fitted by the Sellmayer relation [50], 
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12.4.1 

Sapphire 

Numerous application of sapphire crystals based on its strength, durability, scratch 
resistance, electrical and optical properties range from optical windows (for wrist 
watches, sensors and lasers as well as for aircrafts, unmanned aerial vehicles and 
missiles-both as viewports in forward looking infrared systems [enhanced vision 
systems in civil applications] and as domes) to electronics (substrates for GaN- 
based light emitting diodes, high electron mobility [HEMT] AlGaN transistors, 
silicon-on-sapphire [SoS] ultra-CMOS transistors, cell-phone antenna switch 
devices-the total volume is about 5 million wafers [2" equivalent] in 2007); single¬ 
crystal sapphire fibers are used in sensor applications and for transmitting laser 
radiation in surgery. 

Sapphire single-crystal fibers are grown by edge-defined film-fed growth 
(EFG)[51] or by laser-heated pedestal growth (LHPG) [52, 53]; the first method 
allows higher productivity by pulling a number of fibers simultaneously, while the 
second provides the lowest signal loss due to the absence of a crucible that can 
contaminate the fiber. 

Several methods are used to grow bulk sapphire crystals: Czochralski, Kyropou- 
los (and its modification-Musatov), Bridgman, Verneuil methods, heat exchanger 
and gradient solidification methods, EFG (also referred to as the Stepanov method); 
recently a new technique based on Czochralski and Kyropoulos methods has been 
proposed-“sapphire growth technique with micropulling and shoulder expanding 
at cooled center” [38, 54], 

Simulation of the Kyropoulos growth was performed for the industrial furnace 
used at Monocrystal Inc. (Stavropol, Russia). The global problem involves heat 
conduction, radiative heat transfer, laminar gas flow and turbulent flow of the 
sapphire melt; the local 3D domain includes the crystal, melt, the crucible and a 
gas region around the crystal. 

Computed velocity vectors and the temperature distribution for the standard 
(left) and modified (right) Kyropoulos growth facility used are shown in Figure 
12.1. Modification results in the melt-flow structure change from a two-vortex one 
to a single vortex and in significant reduction of the temperature gradients within 
the crystal [47, 55]. 

The distribution of the modulus of the temperature gradient at the intermediate 
growth stage along with the photo of the grown crystal are shown in Figure 12.2. 

The instant temperature distribution and the melt velocity vectors at the surface 
before seeding for the optimal melt flow regime are shown in Figure 12.3. 

12.4.2 

Yttrium Aluminum Garnet 
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Yttrium aluminum/lutetium garnets (from the Middle English word gemet mean¬ 
ing “dark red”) Y 3 A1 5 0 12 (YAG)/Lu 3 A1 5 0 12 (LuAG) as well as their solid solu¬ 
tion (Lu^Yi.Jj A1 5 0 12 (LuYAG) are some of the most important materials for 
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Figure 12.1 Velocity vectors and temperature distribution for the standard (left) and modified 
(right) Kyropoulos growth facility. 



Figure 12.2 Temperature gradient (left); grown crystal (right). 
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Figure 12.3 Optimal instant temperature distribution and melt velocity vectors at the surface. 


quasi-three-level laser hosts [50, 56]. In spite of the emergence of the superior laser 
host material for the same spectral range such as yttrium orthovanadate YV0 4 (Nd: 
YV0 4 lasers are characterized by the lower lasing threshold [57]) and success¬ 
ful fabrication of the polycrystalline Nd:YAG ceramic lasers [58], 4) there is a great 
need for high-quality large YAG single crystals for use as laser hosts and for 
acousto-optoelectronic devices. Note that the laser output power is approximately 
proportional (assuming the same structure of the electromagnetic modes) to the 
volume of the host crystal. Nowadays, solid-state lasers using YAG single crystals 
doped by either Nd 3+ or Yb 3+ with CW output power in the kW range are com¬ 
mercially available [56]. 

The quality of the crystal is crucial for its operation as a laser host. Internal strain 
in the grown boule is the main cause of optical distortion for laser rods longer 
than a few tens of millimeters (the quality of the end finish is dominant for the 
shorter rods). YAG crystals are very brittle and cracks are frequently observed 
during the growth/cooling that are attributed to the microscopic voids or particle 
inclusions rich in Nd (solute precipitates [19]) that act as stress concentrators [61]. 


4) The advantage of the ceramic 

polycrystalline material with very low 
porosity and narrow grain-boundary width 
is its ability to reach a high neodymium 
concentration: incorporation of large 
amounts of Nd into a YAG single crystal is 


difficult due to the low segregation 
coefficient-neodymium dopants are 
located in the dodecahedral sites instead of 
yttrium and the large ionic radius of Nd 3+ 
is not favorable for such substitution [59] 
since lattice distortion occurs [60], 
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Long (about lm) thin (0.3-1.Omm) fiber-shaped single crystals are grown by 
either micropulling-down method (p-PD) [62] or by the LHPG [63]. Bulk YAG 
crystals usually are grown by Czochralski method [21, 59] in argon [60, 63], nitro¬ 
gen [20] or nitrogen-oxygen [50] atmosphere, the growth occurs in the [111] direc¬ 
tion (the Bridgman growth method [64], the temperature gradient method (TGM) 
[65], and the EFG in a vacuum [66, 67] are also used). Frequently, a highly strained 
core formation in the central part of the crystal is observed due to growth with a 
convex interface [20, 59] and/or facet formation along the melt/crystal interface 
during growth (facets are parallel to [211] and [110] crystallographic planes [27, 60, 
63]). This core area usually has a columnar shape; sometimes gaseous bubble 
inclusions are registered [68]. It is known that increasing thermal gradients or 
reducing the convexity of the interface decreases the facet area [69]. Facetting also 
occurs in the growth of single crystal YAG by the Bridgman method [64]; the low 
temperature gradient (LTG) method avoids the formation of facet in the center of 
the crystal, but three facets remain at the peripheral edge of the crystal with inter¬ 
face parallel to singular [211] crystallographic planes [65]. The level of strain in the 
crystal, especially in the shoulder region, is higher for the large cone angle (defined 
as the angle formed between the centerline and the crystal shoulder [27]) during 
necking, forcing one to prefer rather small cone angles (about 35°) in practice [60]. 

The surface tension coefficient is very weakly and depends on the temperature 
for the YAG melt [27, 63], thus the Marangoni effect can usually be neglected (this 
effect can be significant in other garnets, for example, it was taken into account 
in the recent 2D (axisymmetric) computations of the garnet melt flow in the Czo¬ 
chralski system [70]). 

The Czochralski furnace used at Exiton Ltd. is described elsewhere [71]. The 
temperature distribution in the hot zone along with the velocity vectors for melt 
and gas (right) are shown in Figure 12.4 for crystal heights of 35 (left) and 100mm 
(right). The variation of the temperature within the gas domain allows also estima¬ 
tion of the density variation since the static pressure in the low Mach number 
flows is essentially constant. 

The distribution of the module of the temperature gradient in the melt for these 
crystal positions shown in Figure 12.5 permits one to qualitatively assess the 
crystal regions (in the vicinity of the triple point) that probably will display high 
strain. The experimental position of the crystallization front indicated in these 
figures shows satisfactory reproduction of growth by the numerical model. 

12.4.3 

Bismuth Germanate (BGO) 

Bismuth germanate Bi 4 Ge 3 0 12 (BGO) with eulythine structure is a good scintillator 
material used in many fields such as high-energy physics, nuclear physics, space 
physics, medicine (high-energy calorimetry, low background spectroscopy, posi¬ 
tron emission tomography, etc.). 

If in Cz growth the crystallization front shape is poorly controlled, a highly 
curved interface will occur resulting in a higher level of strain in the crystal and 
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Figure 12.4 Temperature distribution in the furnace (left) and velocity vectors (right) for the 
crystal height 35 mm and 100mm. 




Figure 12.5 Temperature gradient distribution in the melt for the crystal height 35 mm and 
100mm. 
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early growth cessation (and, thus, low melt usage) due to the contact of the crystal 
tip with the crucible base [72]. 

Numerical simulations confirmed by the experimental data (the temperature 
distribution measured by a pyrometer, the power of the RF heater, the interface 
shape) showed that introduction of an additional heater (e.g., flat disk made of 
nickel) under the crucible significantly increases the uniformity of the temperature 
distribution within the melt and reduced the interface curvature. The computa¬ 
tional results are presented for the whole furnace in Figure 12.6 and for the melt 
domain in Figure 12.7 for a crystal of height 80 mm. 

Computations showed that the effect of the bottom heater on the flow structure 
and interface shape is stronger for the later stages of growth [72]. Further details 
can be found in the cited paper. 



Figure 12.6 The computational grid and the temperature distribution in the furnace without 
(left) and with (right) an additional bottom heater. 



Figure 12.7 The temperature distribution within the melt and streamlines without (left) and 
with (right) an additional bottom heater. 
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The results of the simulation of growth of BGO crystals with different (sillenite) 
structure Bii 2 Ge0 2 o that has by far the greater absorption coefficient in the near-IR 
spectral range have been reported in Ref. [73]. 

BGO crystals demonstrate the pronounced tendency towards faceting of the 
solidification front due to kinetic effects associated with growth in the different 
lattice directions. As a result, the crystal/melt interface can be composed of both 
rounded and faceted parts that significantly degrade the properties of crystals. Two 
strategies are commonly used. In the first high temperature gradients are applied 
to suppress facets formation and to achieve the rounded or even flat crystal/melt 
interface, while in the second, in contrast, very low temperature gradients are 
maintained so that the solidification front would be fully faceted. For the results 
of the simulation of the facet formation in BGO crystals and on the effect of inter¬ 
nal radiation in the crystal on this process see Ref. [48] and references therein. 


12.5 

Conclusions 

Numerical simulation of oxide single-crystal growth from the melt is considered. 
Specific features of these crystals (internal radiative heat transfer, the specular 
reflection from the crystal surface, the low thermal conductivity of both the crystal 
and the melt) are accounted for in the numerical model that has been applied to 
the growth simulation of selected oxide crystals. Validation of the model predic¬ 
tions proves that numerical simulation can be used as a reliable tool for the process 
and equipment optimization. 


Acknowledgments 

The authors are grateful to V.M. Mamedov and V.S. Yuferev for fruitful discussions. 


References 

1 Hintz, P., Schwabe, D., and Wilke, H. 
(2001) J. Cryst. Growth, 222, 343. 

2 Teitel, M., Schwabe, D., and Gelfgat, A. 
Yu. (2008) J. Cryst. Growth, 310, 1343. 

3 Gorbunov, L., Pedchenko, A., Feodorov, 
A., Tomzig, E., Virbulis, J., and 

von Ammon, W. (2003) J. Cryst. Growth, 
257, 7. 

4 Schwabe, D., Sumathi, R.R., and Wilke, 
H. (2004) J. Cryst. Growth, 265, 494-504. 

5 Kalaev, V.V., Evstratov, I.Yu., and 
Makarov, Yu.N. (2003) J. Cryst. Growth, 
249, 87. 


6 Dupre, F., and van den Bogaert, N. 

(1994) Handbook of Crystal Growth 
(ed. D.T.J. Hurle), Elsevier Science, 
pp. 875-1010. 

7 Lan, C.W. (2004) Chem. Eng. Sci., 59, 
1437. 

8 Meyappan, M. (ed.) (1995) Computational 
Modeling in Semiconductor Processing, The 
Artech House, pp. 363. 

9 Oberkampf, W.L., and Trucano, T.G. 
(2002) Prog. Aerospace Sci., 38, 209. 

10 Roadie, P.J. (1998) Verification and 
Validation in Computational Science and 


226 


72 Modeling and Optimization of Oxide Crystal Growth 


Engineering, Hermosa Publishers, 
Albuquerque. 

11 STR (2003) http://www.str-soft.com/ 
products/CGSim/ (accessed 31 March 
2009). 

12 Dupret, F., Nicodeme, P., Ryckmans, Y„ 
Wouters, P., and Crochet, M.J. (1990) 

Int. J. Heat Mass Transfer, 33, 1849. 

13 Scheel, H.J. (2003) in H.J. Scheel and 
T. Fukuda (eds) Crystal Growth Technol¬ 
ogy, John Wiley & Sons, Ltd, Chichester, 
pp. 3-14. 

14 Barvinischi, F., Duffar, T„ and Santaller, 
J.L. (2000) J. Optoelectron. Adv. Mater., 2, 
327. 

15 Yuferev, V.S., and Vasiliev, M.G. (1987) 

]. Cryst. Growth, 82, 31. 

16 Cockayne, B., Chesswas, M., and Gasson, 
D.B. (1969) J. Mater. Sci., 4, 450. 

17 Mokruchnikov, P.W. (1999) Cryst. Res. 
Technol., 34, 1169. 

18 Asadian, M., Seyedein, S.H., Aboutalebi, 
M.R., and Maroosi, A. (2009) J. Cryst. 
Growth, 311, 342. 

19 Klapper, Fi. (2010) Springer Handbook of 
Crystal Growth (eds G. Dhanaraj, K. 
Byrappa, V. Prasad, and M. Dudley), 
Springer, online chapt. 4, pp. 1-24. 

20 Xu, T„ Wu, Z„ Zhen, Q„ Zhou, J., 
Zhang, S., Xie, S., Xu, G., and Hang, C. 
(1993) Chin. Phys. Lett., 11, 698. 

21 Kobayashi, M., Tsukado, T., and 
Hozawa, M. (2002) J. Cryst. Growth, 241, 
241. 

22 Hayashi, A., Kobayashi, V., Jing, C., 
Tsukado, T„ and Hozawa, M. (2004) 

Int. ]. Heat Mass Transfer, 47, 5501. 

23 Kobayashi, M., Hagino, T., Tsukado, T., 
and Hozawa, M.J. (2002) ]. Cryst. Growth, 
235, 258. 

24 Kopetsch, H. (1990) J. Cryst. Growth, 102, 
505. 

25 Schwabe, D., Sumathi, R.R., and Wilke, 
H. (2004) J. Cryst. Growth, 265, 494. 

26 Xiao, Q., and Derby, J.J. (1993) J. Cryst. 
Growth, 128, 188. 

27 Xiao, Q., and Derby, J.J. (1994) J. Cryst. 
Growth, 139, 147. 

28 Yuferev, V.S., Budenkova, O.N., Vasiliev, 
M.G., Rukolaine, S.A., Shlegel, V.N., 
Vasiliev, Ya.V., and Zhmakin, A.I. (2003) 
J. Cryst. Growth, 253, 383. 

29 Brandon, S., and Derby, J.J. (1991) 

J. Cryst. Growth, 110, 500. 


30 Binoiu, O., Duffar, T., Theodore, F., 
Santaller, J.L., and Nicoara, I. (2000) 

]. Optoel. Adv. Mat., 2, 474. 

31 Linhart, J. (2002) Cryst. Res. Technol., 37, 
849. 

32 Molchanov, A., Hilburger, U., Friedrich, 
J., Finkbeiner, M., Wehrham, G., and 
Muller, G. (2002) Cryst. Res. Technol., 37, 
77. 

33 Nicoara, I., Nicolov, M., Pusztai, A., and 
Vizman, D. (1998) Cryst. Res. Technol., 

33, 207. 

34 Nunes, E.M., Naraghi, M.H.N., Zhang, 
H., and Prasad, V. (2002) J. Cryst. 

Growth, 236, 596. 

35 Rukolaine, S.A., Vasiliev, M.G., Yuferev, 
V.S., and Mamedov, V.M. (2004) 

J. Quant. Spectrosc. Radiat. Transfer, 84, 
371. 

36 Rukolaine, S.A., Vasilyev, M.G., Yuferev, 
V.S., and Galyukov, A.O. (2002) J. Quant. 
Spectrosc. Radiat. Transfer, 73, 205. 

37 Tsukada, T., Kakinoki, K., Hozawa, M., 
and Imaishi, N. (1995) Int. J. Heat Mass 
Transfer, 38, 2707. 

38 Wang, G„ Zhang, M„ Han, J., He, X., 
Zuo, H., and Yang, X. (2008) Cryst. Res. 
Technol., 43, 531. 

39 Schwabe, D., Sumathi, R.R., and Wilke, 
H. (2004) J. Cryst. Growth, 265, 440. 

40 Thomas, P.D., Derby, J.J., Atherton, L.J., 
Brown, R.A., and Wargo, M.J. (1989) 

]. Cryst. Growth, 96, 133. 

41 Galazka, Z., Schwabe, D., and Wilke, H. 
(2003) Cryst. Res. Technol., 38, 859. 

42 Banerjee, J., and Muralidhar, K. (2006) 

J. Cryst. Growth, 286, 350. 

43 Zhmakin, A.I., and Makarov, Yu.N. 

(1985) Sov. Phys. Dokl., 30, 120. 

44 Golyshev, V.D., Gonik, M.A., and 
Tsvetovsky, V.B. (2002) f. Cryst. Growth, 
237-239, 735. 

45 Luo, S.N., Ahrens, T.J., Cagin, T., 
Strachan, A.W.A.G., and Swift, D.C. 
(2003) Phys. Rev. B, 69, 134206. 

46 Wettlaufer, J.S., and Worster, M.G. 

(2006) Annu. Rev. Fluid Mech., 38, 427. 

47 Demina, S.E., Bystrova, E.N., Lukanina, 
M.A., Mamedov, V.M., Yuferev, V.S., 
Eskov, E.V., Nikolenko, M.V., Postolov, 
V.S., and Kalaev, V.V. (2007) Opt. Mater., 
30, 62. 

48 Kalaev, V., Makarov, Y., Yuferev, V., and 
Zhmakin, A. (2008) Crystal Growth 


References 


in 


Technology (eds H.J. Scheel and P. 
Capper), Wiley-VCH Verlag GmbH, 
Weinheim, pp. 205-228. 

49 Yuferev, V.S., and Mamedov, V.M. (2006) 
High Temp. Rhys., 44, 565. 

50 Kuwano, Y., Suda, K., Ishizawa, N., and 
Yamada, T. (2004) J. Cryst. Growth, 260, 
159. 

51 LaBelle, H.E. (1980) J. Cryst. Growth, 50, 8. 

52 Feigelson, R.S. (1986) J. Cryst. Growth, 

79, 669. 

53 Phomsakha, V., Chang, R.S.E., and Djeu, 
N. (1994) Rev. Sci. Instrum., 65, 3860. 

54 Xu, C.H., Zhang, M.F., Meng, S.H., 

Han, J.C., Wang, G.G., and Zuo, H.B. 
(2007) Cryst. Res. Technol., 42, 751. 

55 Demina, S.E., Bystrova, E.N., Postolov, 
V.S., Eskov, E.V., Nikolenko, M.V., 
Marshanin, D.A., Yuferev, V.S., and 
Kalaev, V.V. (2008) J. Cryst. Growth, 310, 
1443. 

56 Trager, F. (ed.) (2007) Springer Handbook 
of Lasers and Optics, Springer. 

57 Kaczmarek, S.M., Lukasiewicz, T., 

Giersz, W., Jablonski, R., Jabczy ski, J.K., 
Swirkowicz, M., Galazka, Z., Droz- 
dowski, W., and Kwa ny, M. (1999) 
Opto-Electron. Rev., 7, 149. 

58 Lu, J., Song, J., Prabhu, M., Xu, J., 

Ueda, K., Yagi, H., Yanagitani, T., and 
Kaminskii, A.A. (2000) Jpn. ]. Appl. Phys., 
39, L1048. 

59 Lukasiewicz, T., Majchrowski, A., and 
Mierczyk, Z. (2001) Opto-Electron. Rev., 9, 
49. 

60 Golubovic, A., Nikolic, S., Gajic, R., 
Dohcevic-Mitrovic, Z., and Valcic, A. 
(2004) Metalurgija - J. Metallurgy, 10, 363. 


Eakins, D.E., Held, M., Norton, M.G., 
and Bahr, D.F. (2004) ]. Cryst. Growth, 
267, 502. 

Lebbou, K., and Perrodin, D. (2007) 
Shaped Crystals (eds T. Fukuda and V.I. 
Chani), Springer, Berlin Heidelberg, 
pp. 173-186. 

Golubovich, A., Nikolic, S., Gajic, R., 
Duric, S., and Valcic, A. (2002) J. Serb. 
Chem. Soc., 67, 291. 

Ma, Y., Zheng, L.L., and Larson, D.J. 
(2004) AIAA Paper 2004-629. 

Li, H., Xu, J., Su, L., Jiang, B., Zhao, G., 
Zhou, G., and Dong, Y. (2007) Cryst. Res. 
Technol., 42, 107. 

Balint, A.M., Braescu, L., Szabo, R., and 
Balint, S. (2006) Opt. Mater., 28, 671. 
Braescu, L., Balint, A.M., and Balint, St. 
(2005) J. Cryst. Growth, 275, e29. 

Tsukada, N., Kobayashi, M., Jing, C.J., 
and Imaishi, N. (2005) FDMP, 1, 45. 

Lan, C.W., and Tu, C.Y. (2001) J. Cryst. 
Growth, 233, 523. 

Ginkin, V.P., Folomeev, V.I., Naumenko, 
O.M., Papin, Yu.M., and Zarikov, E.V. 
(2005)/. Cryst. Growth, 275, el21. 

Ignatov, A.Yu., Kalaev, V.V., Kuliev, A.T., 
Perfil’ev, A.A., Sinel'nikov, B.M., and 
Zhmakin, A.I./. Cryst. Growth, 
submitted. 

Mazaev, K., Kalaev, V., Galenin, E., 
Tkachenko, S., and Sidletkiy, O. (2009) 

J. Cryst. Growth, 311, 3933-3937. 
Budenkova, O.N., Vasiliev, M.G., 

Yuferev, V.S., Bystrova, E.N., Kalayevand, 
V.V., Bermudez, V., Dieguez, E., and 
Makarov, Yu.N. (2004) J. Cryst. Growth, 
266, 103. 


61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 


229 


13 

Advanced Material Development for Inertial Fusion 
Energy (IFE) 1 ' 
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13.1 

Introduction 

Lawrence Livermore National Laboratory (LLNL) has developed several materials 
for use in high-power laser systems over the last 40 years. In particular, the world’s 
largest laser system, the National Ignition Facility (NIF) has been completed and 
its 192 beamlines, with energy up to 1.8 MJ at 351 nm, will drive target experiments 
in the near future, (Figure 13.1) [1]. The NIF is a culmination of a long line of 
large glass lasers developed at LLNL over more than 3 decades to demonstrate 
inertial confinement fusion. Large-aperture, neodymium-doped phosphate (Nd: 
phosphate) glass is the gain medium for the NIF laser and a number of its pred¬ 
ecessors. In addition, potassium dihydrogen phosphate (KDP) crystals are grown 
in large size for frequency conversion to the second harmonic and deuterated KDP 
is used for generation of the third harmonic of the Nd:phosphate glass and the 


1) This document was prepared as an account 
of work sponsored by an agency of the 
United States government. Neither the 
United States government nor Lawrence 
Livermore National Security, LLC, nor any 
of their employees makes any warranty, 
expressed or implied, or assumes any legal 
liability or responsibility for the accuracy, 
completeness, or usefulness of any 
information, apparatus, product, or process 
disclosed, or represents that its use would 
not infringe privately owned rights. 
Reference herein to any specific 
commercial product, process, or service by 
trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute 


or imply its endorsement, 
recommendation, or favoring by the 
United States government or Lawrence 
Livermore National Security, LLC. The 
views and opinions of the authors 
expressed herein do not necessarily state or 
reflect those of the United States 
government or Lawrence Livermore 
National Security, LLC, and shall not be 
used for advertising or product 
endorsement purposes. 

This work was performed under the 
auspices of the U.S. Department of 
Energy by Lawrence Livermore National 
Laboratory under Contract 
DE-AC52-07NA27344. 


Crystal Growth Technology. Semiconductors and Dielectrics. Edited by P. Capper and P. Rudolph 
Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 
ISBN: 978-3-527-32593-1 


230 


13 Advanced Material Development for Inertial Fusion Energy (IFE) 



Figure 13.1 The National Ignition Facility (NIF). 

Pockels cell. Both the Nd: phosphate glass and the KDP have been scaled to world 
record sizes with high optical quality for the NIF facility. 

The Mercury laser at LLNL, is a scalable, diode-pumped, solid-state laser system 
designed for inertial fusion energy (IFE) that uses Yb 3+ :Sr 5 (P0 4 ) 3 F (Yb: S-FAP) as 
the gain medium, and YCa 4 0(B0 3 ) 3 (YCOB) as the frequency-conversion crystal 
(Figure 13.2). It has gas-cooled amplifiers designed to yield 100-J, 10-Hz and 10% 
efficiency in a 3-ns pulse when fully commissioned. The Mercury laser architecture 
can be directly scaled in aperture to achieve the energies required for an inertial 
fusion laser system [2]. To achieve these goals, three key technologies are used in 
the system: diode pumping replaces flashlamp pumping [3], high-speed helium gas 
cooling of the slab faces of the amplifier medium, and Yb: S-FAP crystals are used 
as the gain medium. Yb: S-FAP crystals have some attractive spectroscopic and 
material properties that make them well suited for diode pumping in moderate 
thermal load applications. These properties are represented in Figure 13.3 as a plot 
of saturation fluence versus emission lifetime. The plot indicates that the ideal 
material for fusion laser systems is one with a long lifetime to reduce the number 
and therefore the cost of diodes, and a high saturation fluence that increases 
energy-storage capacity, but is still substantially less than the damage threshold. If 
the saturation fluence is too low, it is difficult to hold off amplified spontaneous 
emission (ASE) and if it is too high, (a high output fluence is needed for efficient 
energy extraction) damage becomes an issue. Therefore, there is a preferred range 
of these parameters for fusion laser materials and in looking at the properties of 
several candidates (Table 13.1) Yb: S-FAP sits directly in the center of this preferred 
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Figure 13.2 The Mercury laser at Lawrence Livermore National Laboratory. 
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Figure 13.3 Extraction cross-section versus emission lifetime for fusion laser amplifier 
materials. 


range with a lifetime of 1.14ms and a saturation fluence of 3.2J/cm 2 . For this 
reason, Yb: S-FAP was chosen for the Mercury laser system and the development 
of high-quality crystals was pursued. The Mercury laser uses 14 Yb: S-FAP slabs for 
operation. Each slab has dimensions 4 cm x 6 cm x 0.75 cm in thickness, where the 
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Table 13.1 Properties of candidate fusion laser amplifier materials. 


Cain 

medium 

Emission 

lifetime 

Tem (ms) 

Saturation 
fluence F„, 
(I/cm 2 ) 

Nonlinear 

coefficient 

(xl<r 16 cm 2 ) 

Thermal 
conductivity 
(nW/m K) 

Inversion 
intensity / min 
(kW/cm 2 ) 

Yb: S-FAP 

1.14 

3.2 

4.1 

2.0 

0.13 

Yb:YAG 

0.95 

9.6 

6.3 

10 

1.53 

Nd: Glass 

0.4 

5.4 

2.8 

1.2 

0 

Nd: SrF 2 

1.3 

10.6 

1.5 

-14 

0 


c-axis is oriented along the 6-cm length of the slab. A list of thermomechanical and 
laser properties for Yb: S-FAP is given in [4]. 

For the frequency conversion crystal, two materials were tested: deuterated KDP 
(DKDP) whose growth to 40 cm apertures has been demonstrated in the National 
Ignition Facility, and YCOB, a crystal with very favorable thermo-optic character¬ 
istics compared to DKDP, which can potentially be scaled to aperture sizes up to 
40 cm 2 . World record average power performance has been achieved from a side- 
cooled YCOB crystal, producing an average power of 317W at a conversion effi¬ 
ciency of 50%. The previous record for average-power frequency conversion was 
165 W, 5J/pulse reported by TRW [5]. The world’s largest YCOB crystals were 
grown by Crystal Photonics Incorporated, with a factor of 27 increase in size over 
previous reports [6], Large aperture plates are harvested making it possible for a 
single side-cooled YCOB crystal to provide the equivalent of an assembly of four 
face-cooled DKDP crystals with four sapphire cooling plates; that is, one YCOB 
crystal can replace a complex assembly of eight optical elements. The YCOB 
frequency converter was activated on the Mercury laser with minimal beamline 
re-engineering [2]. Modeling of the thermal performance of face- and side- 
cooled YCOB frequency conversion crystals has also been completed. Additional 
experimental tests with YCOB slabs will be performed in future work. 

Advanced material and laser concepts will be discussed for potential IFE designs. 
Glass-laser concepts and compositions are considered to be a baseline for fusion 
technology since Nd: phosphate glass has already proven viable in the National 
Ignition Facility in both size and performance. However, advanced glasses or other 
materials will be necessary to handle the thermal load that will be present for rep¬ 
rated laser systems that are required for fusion-energy power plants. These 
advanced materials include transparent ceramics that have been proven viable with 
fabrication into slabs of 10 x 10 x 2 cm thick, by Konoshima Corporation in 
Takuma, Japan, and operated in quasi-continuous wave laser operation [7]. Seal- 
ability to sizes relevant to a fusion plant is still in question and has not been 
explored. In addition, to date, only cubic materials can be fabricated into a trans¬ 
parent ceramic. This is due to the random orientation of grains in the ceramic 
material that would cause optical scattering from refractive-index mismatch at the 
grain interfaces, randomizing the laser polarization and causing a significant 
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change in the absorption and emission cross-sections within noncubic materials. 
Orientation of the grains using a magnetic field has been reported for calcium 
hydroxy-apatite [Ca 5 (P04) 3 0H] [8, 9], but doping with laser ions and characteriza¬ 
tion of the spectroscopy has not been reported in the literature. For fusion laser 
technologies, Nd: SrF 2 has been identified as a potential laser material that could 
be fabricated into a transparent ceramic due to its cubic structure. Large crystals 
of Yb: S-FAP and Nd:SrF 2 are also being considered for growth by the Bridgman 
technique. Very large crystals of CaF 2 , 365 mm diameter by 250 mm thick, have 
been grown by Schott Lithotec in Jena, Germany, with a Bridgman-type technique, 
for the extreme ultraviolet lithography industry [10]. It is clear that much research 
is still required for the development of large-aperture crystalline and transparent 
ceramic gain media for fusion technology. These materials are very attractive for 
their thermal properties and ability to withstand the heat generated in a high 
repetition rate laser system. In addition, many of these materials have long life¬ 
times of >lms that greatly reduces the number of diodes required for pumping 
and the overall cost of a system, making materials research very desirable for 
future fusion laser systems. 


13.2 

Production of Nd: phosphate Laser Glass and KDP Frequency-Conversion Crystals 
13.2.1 

Nd:phosphate Laser Glass 

High-quality, large aperture Nd: phosphate laser glass has been developed over the 
last 25 years [11, 12], and has been used in many generations of fusion lasers. The 
NIF laser, which is the largest laser in the world, uses 192 separate beamlines each 
of which contains 16 Nd:phosphate laser slabs approximately 44 x 74 x 4cm thick 
(Figure 13.4), for a total of 3072 slabs installed in the entire laser system. These 
slabs are very high optical quality, and are positioned at Brewster’s angle to mini¬ 
mize Fresnel reflection losses at the slab surfaces [13] and increase the coupling 
efficiency of the flashlamp-pumped light [13, 14]. The neodymium ion in phos¬ 
phate glass acts as a four-level laser system at room temperature with a lifetime 
of approximately 0.36 ms. The glass composition was specifically chosen for its 
properties for single-shot operation and has been proven in the NIF configuration. 
In the case of Hoya Corporation and Schott Glass Technologies, these composi¬ 
tions are represented by the designations LHG-8 and LG-770, respectively [15], 
Since the development of the continuous melting process in 1989, signifi¬ 
cant numbers of laser slabs were produced for the NIF laser, making this a well- 
established technology. This is a process whereby homogeneously mixed molten 
laser glass is extruded onto a moving belt in a continuous strip, followed by anneal¬ 
ing in a multizone oven to reduce internal stresses for crack-free fabrication [12, 
16], (Figure 13.5). There are six main process zones in the continuous melting 
process to form the glass; (i) raw material mixing and feeding, (ii) melting, (iii) 
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Figure 13.4 Nd:phosphate glass laser slab used in the NIF. 
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Figure 13.5 Continuous melt system developed for the fabrication of Ndiphosphate laser glass. 


conditioning, (iv) refining, (v) homogenization and (vi) continuous strip forming. 
In the raw material mixing stage, high-purity starting materials are critical and 
there is a need to maintain the purity levels in tons of material for the formation 
of high-quality laser glass. The raw materials for the phosphate laser glass are then 
melted in the range of 1000-1200 °C in a refractory vessel. Once melted, the molten 
glass is conditioned to remove any hydroxyl groups or water that is left. This is 
accomplished by bubbling an oxidizing gas, typically chlorine-containing gases, 
through a melt contained in a platinum (Pt)-lined vessel. From this point forward, 
each of the succeeding vessels is lined in Pt to reduce dissolution of the container 
wall material into the molten glass. Pt can be dissolved into the melt and results 
in particulates in the finished glass that are an issue for laser damage; however, 















































































the rate of dissolution is significantly lower than with other container materials 
[17]. The oxidizing gasses bubbled through the melt to remove water, are also very 
effective in dissolving the Pt particulates to a level acceptable for high-power opera¬ 
tion without any significant laser damage. After conditioning, the melt is put 
through the refining, homogenization, and forming process steps. The purpose 
of these process steps is to remove bubbles and obtain high homogeneity to limit 
compositional variations and striations in the formed glass. Annealing of the glass 
directly after forming cools it slowly to avoid generating unwanted stresses in the 
continuous strip. At the end of the coarse annealing step, the glass is cut into 
individual pieces for further processing into laser slabs. All of the slabs that are 
produced are thoroughly characterized before being placed into the NIF laser for 
operation. 

13.2.2 

KDP Frequency-Conversion Crystals 

The NIF laser at LLNL also employs KDP (potassium dihydrogen phosphate) and 
DKDP for frequency-conversion crystals to the second and third harmonic, respec¬ 
tively, as well as the Pockels cell. These crystals have been developed over the last 
40 years to the sizes required for a 40 x 40cm 2 laser beam aperture [18-20]. The 
growth rate of such large crystals by traditional techniques is approximately 0.5- 
1 mm/day which is typical for low-temperature solution growth techniques. Slow 
growth leads to growth cycles exceeding 1-2 years which is prohibitive for the 
number of crystals required for a project the size of NIF. The difficulties in provid¬ 
ing reliable equipment, the high risk of failure, and defect formation during such 
long periods results in low yield and high cost for the final crystals. These reasons 
stimulated the development of new techniques to accelerate the growth without 
sacrificing the optical quality of large crystals. Based on this need, a rapid growth 
technique was developed by Zaitseva, et al., at LLNL approximately 25 years ago, 
where the rate of growth is increased to 10-20 mm/day, decreasing the overall 
growth time to approximately 2-3 months [21]. “Process improvements at LLNL 
over the last 10 years have doubled the potential yield of optics from each rapid- 
growth KDP crystal. The current rapid growth process produces optics that are up 
to 66cm wide, 50cm tall, and weighing 380 kilograms (Figure 13.6). NIF requires 
192 optics produced from traditionally grown DKDP and 480 optics rapidly grown 
from KDP. The complete set of NIF KDP optics required approximately 75 produc¬ 
tion crystals which weighed nearly 100 tons” [22]. 


13.3 

Yb:S-FAP Crystals 

The growth of apatite crystals has been studied since the late 1960s by J. Hopkins 
at Westinghouse, who reported on the Ca 5 (P0 4 ) 3 F (C-FAP) material [23]. Many of 
the initial proof-of-principal laser measurements on Yb: S-FAP crystals were per¬ 
formed on material provided by Bruce Chai at CREOL in Orlando, Florida, who 
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Figure 13.6 A KDP crystal grown at LLNL. 



Figure 13.7 A 7.0-cm diameter Yb:S-FAP crystal. 


grew the first small, high-quality boules in 1992 [24]. Based on these measure¬ 
ments, a program was pursued at LLNL and Northrop-Grumman/Synoptics to 
produce high-quality Yb: S-FAP crystals with apertures suitable for the Mercury 
laser (4 x 6 cm). 

Currently, the growth of large, high optical quality, 7.0-cm diameter crystals is 
the focus for the Mercury laser (Figure 13.7). The growth of these crystals poses 
a challenge due to a number of crystal-growth issues that have been discussed 
elsewhere and will not be repeated here [4]. Only the defects that remain a 
challenge for yield will be addressed. A significant effort has been put into under- 








standing the nature of the defect chemistry in Yb: S-FAP crystals and to develop 
a growth process to yield crystals from which slabs can be routinely fabricated. 

13.3.1 

Crystal Growth 

Yb: S-FAP melts are prepared for growth by combining the appropriate ratios of 
SrHP0 4 (Optical Grade, General Electric Corp.), SrC0 3 (Optical Grade, General 
Electric Corp.), and Yb 2 0 3 (99.99%, All-Chemie Corp.) powders. The SrHP0 4 , 
SrC0 3 , and Yb 2 0 3 are mixed well and decompose, giving off water and carbon 
dioxide; leaving the composition Sr 3 (P0 4 ) 2 : Yb in the crucible (13.1). This composi¬ 
tion is then allowed to set for approximately 18 h to fully decompose the ortho¬ 
phosphate and the carbonate. SrF 2 (99.99%, GFI, Advanced Technologies) is then 
added to the decomposed melt to form the appropriate melt stoichiometry for 
growth (13.2). By first predecomposing the SrHP0 4 and SrC0 3 , the SrF 2 is pre¬ 
vented from oxidizing that would contaminate the melt and remove fluorine from 
the composition. The full melt is allowed to equilibrate for approximately five 
hours before seeding the crystal. 

3[2SrHP0 4 + SrC0 3 + xYb 2 0 3 Sr 3 (P0 4 ) 2 : Yb + H 2 0 (g) + C0 2 (g)] (13.1) 

3Sr 3 (P0 4 ) 2 : Yb + SrF 2 -» 2Yb : Sr 5 (P0 4 ) 3 F (13.2) 

The oxide form of ytterbium, or Yb 2 0 3 , is the dopant that aides in providing a 
charge compensation mechanism where a Yb 3+ -0 2- ion pair exchanges for a 
Sr 2+ -F“ pair [25]. This specific charge-compensation mechanism sets the energy- 
level structure for this material, resulting in the laser line at 1047 nm. There is a 
distribution coefficient (C s /Q) of approximately 0.12 for the amount of Yb 3+ that 
is incorporated into the S-FAP crystal lattice from the melt. In addition, an excess 
of 33mol% of SrF 2 is added to the melt to compensate for vaporization and com¬ 
positional variations that cause cloudiness in crystals grown from stoichiometric 
melts [4]. An introductory phase diagram, completed by NIST, is based on dif¬ 
ferential thermal analysis (DTA) experimental data as well as models (Figure 13.8). 
This phase diagram helps to explain the need for excess SrF 2 during growth to 
prevent vaporization that would cause the melt composition to move toward the 
Sr 3 (P0 4 ) 2 -rich end of the diagram, where impurity phases can precipitate out into 
the crystal during growth and phase separation can occur on cooling. 

Crystals are grown using the Czochralski method in a standard oxide-type 
furnace configuration with a 6 x 6 inch iridium crucible and controlled induction 
heating. The melting temperature at which growth occurs is approximately 
1786 °C [4]. Seeds are oriented along the [001] direction to maximize the laser 
slab yield and minimize the diameter required. Rotation rates of approximately 
10-15 rpm have been effective for boule diameters up to 7.0 cm and a pull rate 
of 0.33-0.5 millimeters per hour is used to reduce defect formation. Diameter 
control is maintained by a computer-based, closed-loop power control system that 
is based on weighing the crystal and calculating a growth rate per unit time. A 
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Sr 3 (P0 4 ) 2 Mol% SrF 2 SrF 2 


Figure 13.8 Introductory phase diagram developed for Yb:S-FAP crystal growth. 


motor-generator power isolation unit is used to damp out power fluctuations to 
within ±0.5 V on the 480 V input to the RF power supplies, and chillers are used to 
control the variations that occur in water temperatures to ±0.5 °C. With these con¬ 
trols in place, outside perturbations to the crystal-growth process are minimized. 

Crystals of 7 cm diameter by approximately 12 cm in length are producing full- 
size slabs, however, the yield is affected by grain boundaries, bubble core and 
internal stress leading to cracking, which are being addressed at this time. A 
description of each of these defects can be found in a previous article [4]. Slabs 
are harvested from either side of the bubble core where yield is determined by the 
bubble-core diameter. 

13.3.2 

Modeling 

A modeling program has been developed to look at the growth process and develop 
a set of parameters that will address the remaining defects to improve the yield of 
high-quality boules for laser slab production. A model of the furnace was first 
produced by a group at the State University of New York at Stony Brook. With this 
model, predictions of thermal gradients and stresses in the crystal during the 
growth process [26] made it possible to reduce the number of growths required 
for successful mitigation of defects. 

Modeling of cooling profiles has lead to a three-stage cool down that extends the 
cooling of crystals at the lower temperatures (powers) to mitigate cracking (Figure 
13.9). The low-angle grain boundaries have been reduced by approximately sixty 
per cent by controlling the flow of nitrogen from the bottom of the furnace over 
the crucible and crystal. It is believed that the nitrogen carries the heat from the 
crucible up to the crystal decreasing the axial gradient within the crystal and pre- 
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Figure 13.9 Mitigation of cracking in Yb:S-FAP crystals based on modeling of the cool-down 
phase of the growth. 


venting the stresses that cause grain boundaries to form during the cooling of the 
immediately formed crystal, just above the melt interface. Reduction of the bubble 
core could lead to a further reduction of the grain boundaries, as seen in 3.5-cm 
diameter growth where the grain boundaries were eliminated simultaneously 
when the bubble core was eliminated [4]. 

The parameters required for reducing the bubble core are in direct conflict with 
those that reduce grain boundaries and cracking. This is the current focus of a 
modeling effort started at LLNL based on the CrysVUN program written at the 
Fraunhofer-Institut fur Integrierte Systeme und Bauelementetechnologie Abteilung 
Kristallzuchtung [27]. Based on this program, furnace configurations, thermal gra¬ 
dients, and crystal interface characteristics can be studied. With these parameters, 
the discovery of the optimal phase space for mitigation of bubble core, grain 
boundaries, and cracking can be predicted and then confirmed with growth experi¬ 
ments. This work is ongoing and has currently reduced the number of experi¬ 
ments by approximately a third to a half. 

13.3.3 

Slab Fabrication 

A maximum yield of two Yb:S-FAP slabs can be harvested from a 7-cm diameter 
crystal. There are a number of fabrication steps required to produce a full-size slab 
for the Mercury laser as shown in Figure 13.10. After the crystals are grown and 
cut at the top and bottom for inspection down the c-axis length, reference flats are 
placed on the sides of the crystal to further examine the quality perpendicular to 
the c-axis. A suitable crystal is shaped into a rectangular block for cutting into two 
separate pieces; slabs are harvested from either side of the bubble core near the 
outside of the boule. The crystal block is cut in half using water-jet cutting that 
has been found to be the gentlest method and produces the least amount of crack¬ 
ing at this stage of fabrication. Each separate half is then ground from the inside 
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Figure 13.10 An Yb: S-FAP laser slab. 
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Figure 13.11 Sketch of how the magneto-rheological finishing (MRF) technique works. 


and outside of the half-block to the appropriate dimensions of a slab. A laser- 
quality conventional polish is put onto one side of the slab and magneto-rheolog¬ 
ical finishing (MRF) [28, 29] is performed on the other side to compensate for any 
distortions in the transmitted wavefront of the slab. Distortions in the laser beam 
can result in damage of the slab or damage of the optics downstream from the 
gain medium during laser operation. A pictorial of the power of the MRF tech¬ 
nique is shown in Figure 13.11, where the incoming laser light interacts with a 
gain medium having bulk anomalies to produce a distorted wavefront. If the 
opposite distortion is put into an optic surface, represented by the phase plate, it 
will compensate for the laser beam distortions to give a flat or near-flat wavefront. 
In the case of Yb: S-FAP slab fabrication, MRF is used to write the opposite distor¬ 
tion pattern directly onto one face of the laser slab eliminating the need for an 
additional optic. These distortions in Yb: S-FAP can result from residual grain 
boundaries or imperfections in the bulk material. Although current MRF technol- 
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Figure 13.12 Improved transmitted wavefront of a Yb:S-FAP slab; (a) before MRF and 
(b) after MRF. 


ogy cannot completely compensate for grain boundaries due to the small scale of 
the feature, it reduces much of the distortion surrounding the grain boundaries 
to significantly improve the transmitted wavefront. An example of a typical slab 
before and after MRF is shown in Figure 13.12, where the transmitted wavefront 
was reduced by 3x relative to the unmodified slab. MRF also has the advantage of 
not inducing any subsurface damage and can be used to remove subsurface 
damage from the surface of optics, thereby increasing the laser damage threshold 
[30, 31]. Current state-of-the-art in MRF technology allows for the compensation 
of submillimeter features that may greatly improve the grain-boundary distortions 
not removed by the original technology that only compensated for features greater 
than 3 mm. Future work will yield slabs with greatly improved transmitted wave- 
front and surface damage threshold. 


13.4 

YCOB Crystals 

YCa 4 0(B0 3 ) 3 (YCOB) belongs to a relatively new class of frequency-conversion 
materials with the designation RCa 4 0(B0 3 ) 3 where R = La, Nd, Sm, Gd, and Y that 
was first reported in 1989 [6, 32]. This monoclinic class of materials melts congru- 
ently [33, 34], and therefore large-sized single crystals can be grown by the con¬ 
ventional Czochralski pulling method. Both the YCOB and GdCOB crystals show 
good optical quality, high damage threshold, fairly large nonlinear coefficients, 
and adequate birefringence for efficient frequency conversion. In particular, YCOB 
has three times the thermal conductivity and three times the nonlinearity of the 
well-known and accepted materials KDP and DKDP [35, 36]. These properties are 
attractive for high-energy, rep-rated lasers which are being developed for IFE 
systems where heat dissipation requires thinner crystals to avoid thermal cracking. 
Thermal insensitivity to 2co operation and an equivalent 3co bandwidth to DKDP 
also make it suitable for frequency conversion of 1-pm lasers. With an equivalent 
hardness to quartz crystals, hard antireflective (AR) coatings can be applied that 
decreases damage at high energies. These properties make YCOB attractive for 
high-power laser systems and therefore growth of high-quality crystals is being 
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pursued for frequency conversion. Crystals of YCOB have been grown and scaled 
by Crystal Photonics for the Mercury laser project. 

13.4.1 

YCOB Crystal Growth and Fabrication 

A full description of the growth process can be found in [6]. YCOB melts are 
prepared by combining the appropriate ratios of Y 2 0 3 , CaC0 3 , and B 2 0 3 powders 
with 99.99% purity. These components are mixed together to form a stoichiomet¬ 
ric composition with the exception of small additional amounts of B 2 0 3 to adjust 
for vaporization during growth. The CaC0 3 is decomposed to give low water 
content CaO and C0 2 before it is mixed with the Y 2 0 3 and B 2 0 3 to maintain strict 
control of the melt composition. Adjusting for losses during the growth process 
and for the hygroscopic nature of several of the starting components is a critical 
step to producing high optical quality YCOB crystals as the field of growth stability 
is narrow [6], 

Crystals are grown by using the Czochralski process with a computer-automated 
diameter-control program and a 50-kW induction power supply. Crystals are 
grown from an iridium crucible to accommodate the growth temperature of 
1510°C and with an iridium ring placed on the top of the crucible to add stability 
to the growth. Typical growth is done at rotation rates of 3-10 rpm and pull rates 
of 0.5-1.Omm/h depending on diameter, to produce high-quality boules. A nitro¬ 
gen atmosphere is used to prevent oxidation of the iridium crucible. Crystals are 
typically grown along the fe-axis direction of the structure and boules of approxi¬ 
mately 8 cm diameter by 12 cm in length have been produced. Crack-free boules 
are high quality (Figure 13.13), with slight vales of inclusions near the bottom of 
the crystal and along one side. 



Figure 13.13 High-quality YCOB boules grown at Crystal Photonics Incorporated and two 
slabs of YCOB (8x5x1 cm) required for the Mercury laser frequency conversion. 
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Cracking and fiber-like inclusions can occur in boules [6], but have been miti¬ 
gated to the extent that they are not the yield-determining factor for harvesting 
slabs. The growth spiral at the top of the crystals can be more limiting to the yield 
of slabs that would be harvested from any one boule. This spiral is attributed to 
asymmetric growth of the crystal facets that cause the boule to tip during cone 
section of the growth when enough weight is put onto one side of the crystal rela¬ 
tive to the other. Normally, the spiral will straighten out in the full diameter growth 
stage, limiting the length of material available for harvesting slabs. Varying the 
growth rate and rotation rate during this section of the boule has greatly reduced 
the magnitude of the spiral resulting in much straighter boules. YCOB slabs of 
8 cm long by 5 cm wide and 1 cm in thickness are harvested from the boules pro¬ 
duced. The slab orientation has the fo-axis along the 8-cm length. The orientation 
of slabs from the boules is determined by the phase-matching angle to yield the 
highest efficiency. Slabs are cut from the boules with a standard diamond saw and 
polished using conventional polishing technology. Typically, two slabs can be 
harvested from each boule. 


13.5 

Advanced Material Concepts for Power-Plant Designs 

Advanced glasses and compositions are considered to be a baseline for fusion 
technology as Nd:phosphate glass has already been proven viable in the National 
Ignition Facility in both size and performance. Advanced glasses or possibly other 
materials will be necessary to handle the thermal load that will be present for rep¬ 
rated laser systems required for fusion energy power plants. Specifically the 
advanced glass APG-1, reported in 1996 by Schott Glass Technologies [37], is the 
baseline material; however, other glasses such as APG-2 [38] are being considered 
for their improved mechanical properties and longer lifetime to reduce diode 
pump costs. 

Yb: S-FAP is being produced by the Czochralski method for the Mercury laser, 
however, more advanced material concepts are also being explored to produce gain 
media of the size required for a fusion power plant. Other materials of interest 
include scaling of Yb: S-FAP crystals and transparent ceramic gain media. Each 
of these material types is being considered for its mechanical, spectroscopic and 
laser properties, as well as the ability to scale to the appropriate aperture and 
produce high-quality material. Modeling of laser designs required for each type of 
material will be essential to determining its viability as a fusion laser gain media. 

Scaling of Yb: S-FAP crystals up to fusion scale aperture sizes of 10-40cm 2 , 
depending on the laser design, will be considered based on its “ideal” laser and 
spectroscopic properties already discussed for fusion laser systems. Both the Czo¬ 
chralski and Bridgman techniques are being looked at for scaling Yb:S-FAP crystal 
size; current scaling has yielded 12.0cm diameter Czochralski grown crystals and 
the largest slab to date (Figure 13.14a,b, respectively). However, it is believed that 
the Czochralski method will not be able to produce the diameter required for a 
full-size laser slab due to the inability to remove heat efficiently during growth, 
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Figure 13.14 (a) First attempts at growing a 12.0-cm diameter Yb:S-FAP boule and 

(b) world’s largest Yb:S-FAP slab to date (approximately 6x8x1,4cm). 



Figure 13.15 A 385-mm diameter X 250mm long CaF 2 crystal grown at Schott Lithotec. 


which will result in cracking. An alternative Bridgman growth technique is being 
considered for scaling the size of the crystals. This technique has been successfully 
used by Schott Lithotec to produce up to 385 mm diameter x 250 mm high calcium 
fluoride (CaF 2 ) crystals for EUV lithography [39] (Figure 13.15). An intense 
program of connecting modeling, furnace design, and growth parameters was 
used to produce a full-size CaF 2 crystal on the first growth run. Subsequent runs 
quickly improved the quality, and production was then pursued. Yb: S-FAP has 
similar growth challenges to the CaF 2 material such as ease of cracking along one 
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crystalline axis and difficulties with oxygen impurity control. The potential of 
producing large aperture Yb:S-FAP crystals by a similar method has been looked 
at and appears very promising. 

In addition to traditional crystalline gain media, transparent ceramic technology 
presents a relatively new and exciting materials area for scaling and unique, engi¬ 
neered architectures [7, 40, 41], This technology looks very promising for large 
apertures for high-power lasers and has the ability to be formed into specific 
shapes including, slabs, shells, and tubes. It presents the ability to set up multiple 
functionalities in one monolithic piece, such as directly attaching an edge cladding 
to the gain medium without any bonding or possibility for bond reflections. 
Requirements for a laser material are rather stringent including very low porosity 
of <10 _5 -10 -6 to obtain good transmission as well as no change in refractive 
index across the grain boundaries that currently limits this technology to 
cubic materials and requires a very high degree of phase purity. In addition, 
transparent ceramic YAG materials have been shown to have a high resistance to 
thermal cracking and lower residual stress than the single-crystal counterparts. A 
higher dopant concentration and more uniform distribution of dopant has been 
shown for Nd:YAG manufactured parts. Current technological advances by Kon- 
oshima Chemical Co., Ltd. have yielded the world’s largest slabs of Nd:YAG with 
Sm: YAG edge cladding cosintered around the outside, of dimension 10x10x2 cm 
(Figure 13.16). 

Transparent ceramic technology has progressed a great deal since its inception 
around 15 years ago. A significant understanding of the process steps has been 
achieved; however, there are still some unknowns for the development of materials 
for high-power laser systems. The importance of the purity of the starting materi¬ 
als required as the size is scaled must be fully understood as it is a key variable to 



Figure 13.16 Konoshima Chemical Company, Ltd. has produced; (a) a 10 x 10 x 2cm 
Nd:YAG transparent ceramic slab and (b) a slab with Sm:YAG co-sintered around the edges 
(b) for an ASE absorber. 
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achieving high-quality optics. The effect of the migration of the dopant to the grain 
boundaries in highly doped materials must also be understood if these materials 
are to be adopted for IFE. New fabrication technology may have to be developed 
as the size increases to accommodate heating and purity/doping effects. Another 
step that is not well understood for scaling is the need for developing a complex 
polishing process to accommodate the possibility of different polishing rates of 
randomly oriented grains within the transparent ceramic matrix. There is a sig¬ 
nificant understanding of transparent ceramic technology for up to the 10 x 10 x 
2 cm 1 2 3 dimensional size, but this technology has not yet been pushed to the required 
sizes for a fusion laser design and there are many unknown aspects to be under¬ 
stood in the scaling process. However, the transparent ceramic technology shows 
great promise and will be pursued for the large-scale optics needed for high-power 
laser systems. 


13.6 

Summary 

Materials will play a critical role in the development of laser technology for fusion 
power plants. In particular the development of the appropriate gain material and 
frequency-conversion material will be important for the high repetition rate 
required for such a system. The NIF is a proven laser that utilizes both large- 
aperture Nd:phosphate glass amplifier slabs and KDP/DKDP for frequency con¬ 
version. Yb:S-FAP and YCOB are materials that have been developed for the 
Mercury laser that has proven the feasibility of a number of key technologies 
required for future fusion technologies. The current baseline for a future, rep¬ 
rated, fusion laser is an advanced glass with improved mechanical properties and 
longer lifetime to prevent damage. However, other technologies including scaling 
of Yb:S-FAP crystals by the Bridgman technique and cubic transparent ceramic 
materials are being pursued. 
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Magneto-Optic Garnet Sensor Films: Preparation, 
Characterization, Application 

Peter Comert, Andreas Lorenz, Morris Lindner, and Hendryk Richert 


14.1 

Introduction 

In contemporary magneto-optics [1] both the Kerr effect and Faraday effect 
are applied. The Kerr effect in metals and alloys-such as Fe, Ni, Co, FePt, CoPt, 
MnBi, PtMnSb-with thicknesses <100nm is used widely for magneto-optic discs. 
The Faraday effect of ferrimagnetic Bi-substituted rare earth iron garnet films 
(Bi-REIG) [2-5] with thicknesses of 1-5 pm is utilized for sensors to visualize 
magnetic fields. Nonreciprocal optical elements of the same material with thick¬ 
nesses >300pm are established as commercial isolators in optical systems and for 
developments of waveguide applications [6]. Both sensor and isolator applications 
as well as conditions of preparation and characterization of Bi-REIG films have 
been already reviewed in a recent book [7]. A survey of answers and problems of 
contemporary magneto-optic imaging is given in [8]. For all these applications, 
sensor films with a high Faraday rotation and low optical absorption are necessary. 
Additionally, magneto-optic sensors should possess high sensitivity and a large 
dynamic range. All these demands can be fulfilled with conventional (RE 3 _*BiJ 
(Fe 5 _^ z Ga,Al 2 )0 12 liquid phase epitaxy (LPE) films grown in Pb0-B 2 0 3 -Bi 2 0 3 - 
based solvents [9]. 

Here, we report on Bi-substituted iron garnet films and discuss current results 
concerning preparation, characterization, and application of Bi-TmDyLuIG-LPE 
layers deposited on high-quality gadolinium gallium garnet (GGG) or lattice- 
matched Ca-, Mg-, Zr-substituted GGG substrates. The applications are focused 
on high-quality magneto-optic sensor films for studying the spatial distribution of 
magnetic fields in real time. Such films are applied already in commercial systems. 


14.2 

Bi-Substituted Garnets 

Faraday rotation in Y 3 Fe 5 0i 2 (YIG) is mainly determined by the spin-orbit coupling 
coefficient of 3d electron C3d> which is much larger than that of the 2p electron £ 2p . 
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However, Faraday rotation in Bi 5+ -substituted Y 3 Fe 5 0 12 is determined by £ 2p , which 
is increased from the original £ 2p by the hybridization of 6p bismuth orbitals. Thus, 
for Bi 3+ -substituted Y 3 Fe 5 0i 2 , £ 2p is modified as C Z " P ~ hv + 7 2 C6 P , where y is the 
covalency factor and £ 6p is the spin-orbit coupling coefficient of 6p electrons in 
bismuth: £ 6p = 17 000cm -1 [7]. Therefore, the Bi content should be as large as pos¬ 
sible and hence the highest Faraday rotation-which is negative for Bi ions in iron 
garnets and increases linearly with Bi concentration-is obtained in Bi 3 Fe 5 0 12 
(BIG) [10]. Due to the large lattice parameter a mG = 1.263 nm, however, this com¬ 
pound cannot be grown by LPE, which is a “near-equilibrium method”. Here, the 
maximum Bi content is roughly 2.2f.u. To prepare pure BIG nonequilibrium 
methods are used like sputtering [11, 12], pulsed laser deposition (PLD) [13-17], 
and similar methods [18-20]. Recently, Heinrich et al. [21] reported on PLD deposi¬ 
tion of BIG on different orientations of GGG and Si0 2 substrates. In the case of 
BIG on GGG a 3D island growth appeared and the preferential growth direction 
of BIG could be assigned towards <110>. The deposition of BIG on Si0 2 was only 
possible with a YIG buffer layer and an annealing procedure. The Faraday rotation 
of BIG on GGG and Si0 2 substrates is reported to be comparable. Indeed, no 
investigations have been carried out concerning the responsivity of such samples. 
Because of the 3D island growth of BIG on GGG and the polycrystalline structure 
of BIG on Si0 2 it is expected that the coercivity is fairly large, so that 
the responsivity is low compared with LPE grown garnets. Recently, Dubinko 
et al. [22] studied the coercivity of LPE grown (lll)-oriented (Bi,Sm,Lu,Ca) 3 
(Fe,Sc,Ga,Al) 5 0 12 on GGG and found that the coercivity initially increases, passes 
through a maximum, and then decreases. The maximum coercivity occurs when 
the period of local stress is equal to the domain wall width. The periodically local¬ 
ized stress is due to a misfit dislocation [23] network whose period is determined 
by the relative misfit. 

In addition, experiments were carried out to prepare Bi-YIG nanoparticles via 
mechanochemical processing and subsequent heat treatment [24]. The mean crys¬ 
tallite size of the single-phase powder was about 45 nm and the specific saturation 
magnetization was 22 A m 2 /kg, compared with 26A m 2 /kg of bulk Bi-YIG [25]. 
These powders were dispersed in an organic binder and the magnetic inks were 
deposited on precoated aluminum glass substrates by spin coating [24, 26-28]. 
Maximal Faraday rotations are in the order of-0.15° for a fairly inhomogeneous 
film due to agglomerated nanoparticles. Therefore, this preparation technology is 
inexpensive and versatile-however, the physical parameters of the garnet films 
are moderate. 

High-quality liquid phase epitaxy (LPE) garnet films are grown on plane and 
perfect single-crystalline garnet substrates with maximal diameters of 4 inch 
(=100 mm) and sometimes 6 inch at present. 

Indeed, it depends on the foreseen application which preparation techniques 
of Bi-REIG films-LPE, PLD, sputtering, other physical methods, or polymeric 
bond nanoparticles-will be used. However, whenever highest sensitivities 
are required LPE films are applied. Hence, here we focus our attention on LPE 
films. 


14.3 LPE Deposition and Topological Film Properties 
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14.3 

LPE Deposition and Topological Film Properties 


The standard garnet LPE dipping technique with Pb0-Bi 2 0 3 -B 2 0 3 -based flux 
melts [7, 9, 29] in 170-310cm 3 Pt crucibles is used for the deposition of Bi-REIG 
films with a thickness of 1-5 micrometer on 1-inch high-quality <111> and 
<100> Gd 3 Ga 5 0 12 (GGG) or lattice-matched (Gd 3 _*CaJ(Ga 2 _ ;c _ 2 y Mg v Zr ;(+ 1 ,)Ga 30 i 2 
(CMZGGG) [30] substrates with lattice constants 1.2385 nm (x = y = 0), 1.2400nm 
(x = y = 0.050), 1.2422nm (x = y = 0.125), and 1.2499nm (x = y = 0.325). The 
Czochralski crystals were grown in IKZ Berlin and the substrates were prepared 
at CrysTec GmbH Berlin. Our 1-inch substrates have an orientation accuracy 
of ±0.5 ° and the surfaces are mechanochemically polished with an average rough¬ 
ness <0.5 nm. 

The typical deposition parameters of LPE films are 


• temperature distribution: 

• undercooling: 

• substrate rotation rate: 

• deposition time: 

• growth rate: 


almost isothermal at 700-900 °C; 
5-100 K; 

40-100rpm (alternating); 

4-100 min; 

0.01-1.1 pm/min. 


To obtain a correlation between defect density of substrates and LPE films, the 
substrates have been etched for 10 min in dehydrated H 3 P0 4 at 170 °C. After drying 
in deionized water the defects were inspected with a polarization microscope. It 
could be seen that the main defects are due to polishing and handling of the 
substrates. Relatively large “pit densities” on LPE films-as shown in Figure 
14.1-are caused by compression stress due to the relative misfit Aa/a s = (a s - a { )/a s 



Figure 14.1 Typical "pits" on [11 l]-oriented Bi-DylG film due to compressive stress. 
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Figure 14.3 Magnetic domains D and cracks Rina film with large tensile stress. In regions S 
the film flaked off from the substrate. 


between substrate s and film f. We think that substrate defects etched by lead and 
bismuth oxide vapor before dipping [31] do not play a large role. 

Figure 14.2 presents the number of defects of Bi-TmlG films as a function of 
the relative misfit. A relative misfit A a/a s larger than -0.002 leads to a drastic 
increase of the “pit density”. This effect almost quantitatively agrees with the 
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strong increase of the partial strain relief of (YEu) 3 (FeGa) 5 0i 2 films illustrated in 
figure 11.23 of Ref. [7]. 

Miller and Caruso [32] found that no stress relief will occur below a relative 
misfit of-1.5 x 10“ 3 at the growth temperature. Strain relief is caused by misfit- 
dislocation formation [23] and its climb to the film surface. Morphological insta¬ 
bilities connected with the development of {110} growth faces - sometimes called 
“facetting”-occur when the relative lattice misfit A a/a s of comprehensively 
strained layers exceeds -0.0034 [7]. 

In the case of large tensile stress, however, cracks occur up to the substrate 
surface. Sometimes regions appear where the film flakes off from the substrate, 
as shown in Figure 14.3. 


14.4 

Magnetic and Magneto-Optic Film Properties 
14.4.1 

Magnetic Properties 

Principally, two types of garnet films are grown 

a) Films with inplane magnetization: Easy axis parallel to film surface, where 
the effective anisotropy IQ ff < 0 

b) Films with out-of-plane magnetization: Easy axis perpendicular to film surface, 
where the effective anisotropy IQ S > 0. 

The effective anisotropy 

Kcff = K, + = Kg+ 2B,e- ^ (14.1) 

a la 

consists of two parts given by the film volume fC T and by the surface K su of films 
with thickness d. In our case of film thicknesses between 1 and 5 pm, the surface 
contribution IQ U may be neglected. Kg is the uniaxial growth-induced anisotropy 
[33] due to ordering between bismuth and the rare earth [7, 25] (this anisotropy is 
truly uniaxial only for the <111> and <100> directions [34]), 2B 1 e is the magnetoe¬ 
lastic anisotropy with strain e, and p„M s 2 /2 is the magnetostatic anisotropy. Since 
in our good films the relative misfit is less than 0.2%, the magnetoelastic anisot¬ 
ropy is in general small compared with the growth induced and magnetostatic 
anisotropy. The growth-induced anisotropy Kg can be adjusted in such a way that 
Kg - n Q Ml /2 = 0 so that the sensor films are highly sensitive for changes of mag¬ 
netic fields. The condition IQg or better K e ff/M s = 0 can also be obtained by applying 
an external magnetic field. It should be noted, however, that under such conditions 
the magnetoelastic anisotropy-although small-can play a role and small changes 
of strain influence the magnetic domain structure. 

Bulk cubic magnetocrystalline anisotropy K t neither favors nor hinders perpen¬ 
dicular magnetization. Cubic anisotropy IQ of inplane {111} films results in 



254 


14 Magneto-Optic Carnet Sensor Films: Preparation, Characterization, Application 



Figure 14.4 Faraday setup-schematic; OP: operation amplifier. 


slightly oblique orientations of the magnetization in “zero field” connected with 
the occurrence of special magnetic domains [35]. For inplane {100} films, however, 
there is no K r contribution in “zero field” and the magnetization is completely in 
the plane [34]. 

14.4.2 

Magneto-Optic Properties 

The Faraday rotation is measured with the setup shown in Figure 14.4. 

Figure 14.5 shows a typical Faraday hysteresis of a (111) Bi-TmLuIG film with 
magnetic domains in the remanent state pinned by defects, which hinders the 
motion of domain walls. This hysteresis is due to remagnetization processes 
caused by domain-wall displacement and, possibly, by a “two-layer structure” 
consisting of a layer with “easy plane” anisotropy close to the surface and uniaxial 
anisotropy in the thinner layer adjacent to the substrate [36, 37]. The following 
linear part characterizes, as usual, remagnetization by rotation of the inplane 
magnetization vector. 

As can be seen in Figure 14.5 the pinning of domains results in a relatively large 
coercivity of roughly 2.5 kA/m connected with the fairly low responsivity of sensor 
films-although a movement of domain walls can be observed. Obviously, H c and 
the formation of pits are due to both misfit stress and substrate surface quality. 

Figure 14.6 presents the almost rectangular Faraday hysteresis of a (111) out-of- 
plane Bi-TmLuIG film. 

Whereas the Bi-TmLuIG inplane films show mostly a more or less pronounced 
hysteresis (see Figure 14.5) the (111) Bi-DyLuIG inplane films possess an excellent 
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Figure 14.5 Faraday hysteresis of a (111) Bi-TmLulG film and corresponding magnetic 
domains pinned by defects in the remanent state. The magnetic field H is perpendicular to 
the film surface. 


linear characteristic as demonstrated in Figure 14.7 for wavelengths in the range 
505-625 nm. 

The coercivities of our good films are of the order of 0.02 kA/m and the satura¬ 
tion fields are about 20kA/m (25 mT), which can be seen from the magnetization 
curve in Figure 14.8 measured with a SQUID magnetometer. 

Figure 14.9 shows that the absorption coefficient a increases markedly below a 
wavelength of 520nm. The position of the absorption edge corresponds to the 
typical opacity of iron garnet films. The absorption spectra are determined by 
transmission and reflection measurements using UV-VIS spectroscopy. 

The figure of merit FOM = 26 SAT /a is maximal in the range of 510 to 560nm, 
as illustrated in Figure 14.10. Our values of specific Faraday rotation, absorption 
coefficient, and FOM agree well with those published by Keszei et al. [38]. 

For applications, however, the photoresponse PR defined as the ratio I det /Io of 
intensity I det reaching the detector and input intensity I 0 is important. PR for 
inplane films is given as [39] 










256 14 Magneto-Optic Carnet Sensor Films: Preparation, Characterization, Application 



Magnetic field (kA/m) 


Figure 14.6 Faraday hysteresis of (111) out-of-plane Bi-TmLulG film. The magnetic field is 
perpendicular to the film surface. 



Figure 14.7 Specific Faraday rotation angle 0 F as a function of magnetic field H perpendicular 
to the surface of an (111) inplane Bi-DyLulG film measured at wavelengths from 505 to 
625 nm; film thickness d = 4.4|Xm. 
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ire 14.8 Magnetization M vs. magnetic field H perpendicular to the surface of an (111) 
ane Bi-DyLulG film (SQUID magnetometry). 



Figure 14.9 Absorption coefficient a vs wavelength A of a (111) Bi-DyLulG film (without 
substrate). 
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Figure 14.10 Figure of merit FOM in dependence on wavelength A of a Bi-DyLulG film. 


PR = — = exp (-La) cosh 2 l F[cos 2 (/3-0) + tanh 2 *F sin 2 (/3-0)] 


(14.2) 


with I as total propagation length of light inside the him, which is for mirror-type 
sensors twice the him thickness d; a as absorption coefficient; *F as the ellipticity 
angle [40] given by the difference of the absorption coefficients for right- and left- 
handed circularly polarized light; j5 as angle between polarizer and analyzer; and 
0 as the Faraday rotation angle. For wavelengths A > 520nm the absorption 
(compare Figure 14.9) is relatively small and with it the ellipticity may be neglected. 
When we choose an angle /3 = 45 where the sensitivity is maximal, we get there¬ 
fore approximately 


PR = — = exp(-La)[cos 2 (45° - 0)] (14.3) 

h 

where the Faraday rotation angle 0is, of course, a function of the applied magnetic 
held Si perpendicular to the him surface. Figure 14.11 shows the corresponding 
PR curves for the hlms of Figure 14.7. For very small absorption coefficients a ~ 0 
and B = 0 the photoresponse PR = 0.5. 

The sensitivity S of the system described above can be dehned for small helds 
as the change of photoresponse in dependence on the perpendicular induction B± 
[39] 


S = 


d(PR) 


dB 


B ± =0 


(14.4) 


Figure 14.12 illustrates the sensitivities S and the swing Q$ for the hlms character¬ 
ized in Figures 14.7 and 14.11 as a function of the wavelength, where Qs is dehned 
as the difference between the maximal and minimal photoresponse. Obviously, 
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Figure 14.11 Photoresponse PR according to Equation 14.3 for the films of Figure 14.7 as a 
function of the magnetic induction 8 perpendicular to the film surface. 
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Figure 14.12 Sensitivity S and swing of photoresponse PR in dependence on the light 
wavelength. 
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Table 14.1 Comparison of specific Faraday rotation angle 0 F , film thickness d, and saturation 
field H s of Bi-DyLulG films produced under “reproducible" conditions. 


Garnet film 

Of 

d (pm) 

H s (kA/m) 

DLG glO 

0.52 

4.4 

33.5 

DLG gll 

0.53 

4.5 

32.0 

DLG gl2 

0.53 

4.4 

33.5 

DLG gl3 

0.54 

4.5 

33.5 

Average 

0.53 ± 0.01 

4.5 ± 0.1 

33.1 ±0.8 


the figure of merit, sensitivity, and swing behave very similarly in dependence on 
the light wavelength. Figure 14.12 reveals that the maximal sensitivity S is 
3.5 x 10 _3 /mT at A = 530nm. Although this is a good value for (111) inplane films 
the sensitivity can be enlarged to 13 x 10“ 3 /mT at the same light wavelength for a 
(112) (YBiPr) 3 (FeGa) 5 0i2 film, where the easy plane is inclined by an angle of 35° 
with respect to the film plane [41]. It should be noted, however, that for the calcula¬ 
tion of this sensitivity the absorption has been neglected. In other words a has 
been set equal to zero in Equation 14.3. 

The magneto-optic sensitivity can be improved by applying an external induction 
B± for inplane films and B|| for out-of-plane films [42]. 

14.4.3 

Reproducibility 

One crucial requirement for magneto-optic applications of garnet films is a high 
reproducibility of film properties like chemical film composition, film thickness, 
Faraday rotation, sensitivity, and dynamic range. For the production of such films 
technological conditions such as high quality of substrates and reproducible 
growth conditions are indispensable. However, the real growth conditions are 
never completely the same. Above all, the ratios of the PbO-EbCh-BhCfi-based 
solvent change with time due to evaporation losses. Nevertheless, it is possible to 
develop a reproducible LPE technology to adjust optimized sensor properties of 
Bi-REIG in a wide technology window. Table 14.1 shows typical data of magneto¬ 
optic films produced under “reproducible” growth conditions. 

It can be seen that the standard deviations of film thickness d, specific Faraday 
rotation angle 0 F , and saturation field H s are fairly low. 


14.5 

Applications 


The high sensitivity and the excellent homogeneity of MO sensor films allow a 
number of technical applications based on qualitative and quantitative imaging of 
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magnetic fields with high spatial resolution to be met. The resolution of conven¬ 
tional magneto-optics with inplane films is limited essentially by Abbe’s funda¬ 
mental theory, the minimal width of domain walls, which is typically 200nm [31], 
and the active film thickness [43]. In very specials cases there is the possibility to 
improve the resolution using out-of-plane films and diffraction spectra [37]. 

Both the construction of magneto-optic sensors and some examples of technical 
application have been already demonstrated in former book articles [7, 44]. Thus, 
only some recent developments are presented here. 

14 . 5.1 

Images of Magnetic Field Distributions 

Figure 14.13 shows a fairly simple equipment made by Matesy GmbH [45]-called 
MagView-for visualization of a two-dimensional cross-section of inhomogene- 
ously magnetic fields. The MagView consists of an usual magneto-optic sensor 
film with in- or out-of-plane magnetization, a light source for illumination, a polar¬ 
izer and an analyzer. Other commercial magneto-optic systems made by Matesy 
GmbH to check magnetic cards and tapes have been shown already [7]. 

Figure 14.14 presents the magnetic information of (a) a 1.4-MB 3.5-inch floppy 
disc and (b) a 127-MB hard disc taken by an ordinary polarizing microscope and 
an inplane sensor film. The smallest stripe distance is about 2 pm. High-density 
hard discs (HDD), however, cannot be read in this way due to limitation of the 
lateral resolution discussed above. 

Figure 14.15 shows the magneto-optic visualization of the magnetically printed 
INNOVENT logo in polymer-bonded NdFeB compound (size 5 x 10mm 2 ). It 



Figure 14.13 MagView for visualization of magnetic field structures (left-hand side) and 
magnetic field structure of an encoder (right-hand side). 
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(a) (b) 

Figure 14.14 Visualization of the magnetic information of (a) a 1.4-MB floppy disc 3.5" and 

(b) a 127-MB hard disc. 



Figure 14.15 Magneto-optical visualization of the magnetically printed INNOVENT logo in 
polymer-bonded NdFeB compound (size 5 x lOmm 2 ). 


should be stressed that this logo is not visible with the naked eye. Therefore, this 
technology can be used for product and trademark protection. 

An eddy current test system for nondestructive evaluation of defects in magnetic 
and “nonmagnetic” materials [46] has been constructed (Figure 14.16) by the 
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Figure 14.16 Schematical setup of the magneto-optic eddy-current sensor systen 



Conventional system 
Test frequency: 2MHz 


Magneto-optical system Test frequency: 16 kHz 

Figure 14.17 Comparison of the resolution of a conventionally inductive and a magneto-optic 
system using a ST 37 test specimen (courtesy of R. Zielke, Uni Dortmund). 


University of Dortmund [47, 48]. Here, the detection coil of an usually inductive 
system is replaced by a sensitive magneto-optic sensor, which allows considerable 
improvement in the lateral resolution of the eddy-current system, what is shown 
in Figure 14.17 by the comparison of a conventionally inductive and the new 
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Figure 14.18 Quantitative magnetic image of 
a linear encoder, which is directly visualized 
by means of magneto-optic sensor 
technique. The image was recorded with a 


CCD-camera at an 80° position of polarizers 
using monochromatic light. The 8-bit gray 
scale to quantify the magnetic field is shown 
on the left-hand side of the image. 


magneto-optic system. The skin depth of the magneto-optic system at 16kHz is 
larger by a factor of 11 compared with those of the high-resolution inductive 
system at 2 MHz. 

14.5.2 

Quantitative Determination of Magnetic Fields 

Magneto-optic sensors with inplane magnetization and linear characteristic can 
be used to measure the local magnetic field distribution quantitatively [49]. For 
exact calibration of a system a known field must be applied before measurement. 
After that each field value corresponds to a pseudocolor or gray value, as shown 
in Figure 14.18 for a linear encoder. This image was recorded with a CCD camera 
at an 80 ° position of polarizers using monochromatic light. 

Using a magneto-optic sensor with dynamic range from 0.05 to 50kA/m, 16-bit 
converter, low-noise diode and current-limited stable light source the minimally 
detectable change of magnetic fields has been estimated to be lOA/m. 


14.6 

Conclusions 

LPE is the best deposition method for the preparation of highly sensitive garnet 
films with large Faraday rotation, low absorption, and fairly different characteristic 
hysteresis curves. Misfit stress results in misfit dislocations, morphological insta¬ 
bilities, cracks, enlarged coercivities, and the well-known optical birefringence. 
The most sensitive magneto-optic films are characterized by low misfit, low effec¬ 
tive anisotropy fQff = 0, low defect density, and suitable crystallographic orientation. 






References | 265 

Such films are used for commercial applications as sensors with high lateral reso¬ 
lution to visualize and measure the spatial distribution of magnetic fields. 


Acknowledgments 

The authors thank Prof. Dr. H. Dotsch (Osnabriick) for critically reading the 
manuscript and for helpful discussions. 


References 

1 Zvezdin, A.K., and Kotov, V.A. (1997) 
Modem Magnetooptics and Magnetooptical 
Materials, Taylor & Francis Group, 

New York. 

2 Kidoh, H., Morimoto, A., and Shimuzi, 

T. (1991) Appl. Phys. Lett., 59, 237. 

3 Buhrer, C.F. (1969) J. Appl. Phys., 40, 4500. 

4 Hansen, P., Witter, K., and Tolksdorf, W. 
(1983) Phys. Rev. B, 27, 6608. 

5 Fratello, V.J., and Wolfe, R. (2000) 
Handbook of Thin Film Devices, vol. 4 (ed. 
M.H. Francombe), Academic Press, 
London, Ch 3, pp. 93-141. 

6 Dotsch, H. (2000) Herstellung und 
Charakterisierung magnetischer 
Granatschichten, AbschluRbericht 
Teilprojekt A2, Modulatoren und Laser 
in Granat-Wellenleitern Teilprojekt Dll, 
Universitat Osnabriick. 

7 Hibiya, T., and Gornert, P. (2007) Liquid 
Phase Epitaxy of Electronic, Optical and 
Optoelectronic Materials (eds. P. Capper 
and M. Mauk), John Wiley & Sons, Ltd, 
Chichester, p. 305. 

8 Johansen, T.H., and Shantsev, D.V. 

(2004) Magneto-Optical Imaging, Kluwer 
Academic Publishers, Dordrecht. 

9 Aichele, T., Lorenz, A., Hergt, R., and 
Gornert, P. (2003) Cryst. Res. Technol., 38, 
575. 

10 Okuda, T., Koshizuka, N., Hayashi, K„ 
Taniguchi, H., Satoh, K., and Yamamoto, 
H. (1988) IEEE Trans. J. Magn. Jpn., 3, 
483. 

11 Kim, Y.H., Kim, J.S., Kim, S.I., Levy, M., 
and Kore, J. (2003) Phys. Soc., 43, 400. 

12 Boudier, T., Payet-Gervy, B., Bianc- 
Mignon, M.F., Rousseau, J.J., Le Berre, 
M., and Joiten, H. (2004) J. Magn. Magn. 
Mater., 284, 77. 


13 Okuda, T., Katayama, T., Kobayashi, H., 
Kobayashi, N., Satoh, K., and Yamamoto, 
H. (1990) J. Appl. Phys., 67, 4944. 

14 Chern, M.Y., and Liaw, J.S. (1997) 

Jpn. J. Appl. Phys., 36, 1049. 

15 Adachi, N., Denysenkov, V.P., Khartsev, 
S.I., Grishin, A.M., and Okuda, T. (2000) 

J. Appl. Phys., 88, 2734. 

16 Lux, R., Heinrich, A., Leitenmeier, S., 
Korner, T., Herbort, M., and Stritzker, B. 
(2006)/. Appl. Phys., 100, 113511. 

17 Kahl, S., Khartsev, S.I., Grishin, A.M., 
Kawano, K., Kong, G., Chakalov, R.A., 
and Abell, J.S. (2002) J. Appl. Phys., 91, 
9556. 

18 Okada, M., Katayama, S., and Tominaga, 

K. (1991) J. Appl. Phys., 69, 3566. 

19 Thavendrarajah, A., Pardavi-Horvath, M., 
Wigen, P.E., and Gomi, M. (1989) 

IEEE Trans. Magn., 25, 4015. 

20 Mino, S., Matsuoka, M., Tate, A., 
Shibukawa, A., and Ono, K. (1992) 

Jpn. J. Appl. Phys, 31, 1786. 

21 Heinrich, A., Leitenmeier, S., Korner, T., 
Lux, R., Herbort, M., and Stritzker, E. 
(2006) J. Magn. Soc. Jpn., 30, 584. 

22 Dubinko, S.V., Nedviga, A.S., 

Vishnevskii, V.G., Shaposhnikov, A.N., 
Yagupov, V.S., Nesteruk, A.G., and 
Prokopov, A.R. (2005) Tech. Phys. Lett., 

31, 979. 

23 Fratello, V.J., Licht, S.J., Brandle, C.D., 
O’Bryan, H.M., and Baiocchi, F.A. (1994) 
J. Cryst. Growth, 142, 93. 

24 Hasanpour, A., Mozaffari, M., Amighian, 
J., Richert, H., Lorenz, A., Lindner, M., 
Gornert, P., and Heegn, H. (2007) 

J. Magn. Magn. Mater., 317, 41. 

25 Hansen, P., and Krumme, J.-P. (1984) 
Thin Solid Films, 114, 69. 


266 


14 Magneto-Optic Carnet Sensor Films: Preparation, Characterization, Application 


26 Kuroda, C.S., Kim, T.Y., Hirano, T., 
Yoshida, K., Namikawa, T., and 
Yamazaki, Y. (1999) Electrochim. Acta, 44, 
3921. 

27 Kuroda, C.S., Taniyama, T., Kitamoto, Y., 
and Yamazaki, Y. (2002) I. Magn. Magn. 
Mater., 241, 201. 

28 Lee, J.W., Oh, J.H., Lee, J.C., and Choi, 
S.C. (2004) J. Magn. Magn. Mater., 
272-276, 2230. 

29 Gornert, P., Aichele, T., Lorenz, A., 
Hergt, R., and Taubert, J. (2004) Phys. 
Status Solidi A, 201, 1398. 

30 Mateika, D. (1984) Current Topics in 
Materials Science, vol. 11 (ed. E. Kaldis), 
North-Holland, Amsterdam, pp. 151-239. 

31 Hagedom, O. (2002) Herstellung und 
Charakterisierung Magnetischer 
Granatfilme fur die magnetooptische 
Sensorik, Dissertation Universitat 
Osnabriick, Marz. 

32 Miller, D.C., and Caruso, R. (1974) 

J. Cryst. Growth, 27, 274. 

33 Gornert, P., and Voigt, F. (1984) Current 
Topics in Materials Science, vol. 11 (ed. E. 
Kaldis), North-Holland, Amsterdam, 
pp. 1-149. 

34 Fratello, V.J., Mnushldna, I., and Licht, 

S. L. (2004) Magneto-Optical Imaging (eds 

T. H. Johansen and D.V. Shantsev), 
Kluwer Academic Publishers, 
Netherlands, p. 311. 

35 Shamonin, M., Beuker, T., Rosen, P., 
Klank, M., Hagedom, O., and Dotsch, H. 
(2000) NDTe(E Int., 33, 547. 

36 Vertesy, G., and Keszei, B. (2003) 

]. Magn. Magn. Mater., 254—255, 550. 

37 Sohatsky, V., and Kovalenko, V. (2004) 
Magneto-Optical Imaging (eds T.H. 
Johansen and D.V. Shantsev), Kluwer 
Academic Publishers, Netherlands, p. 293. 

38 Keszei, B., Vertesy, Z., and Vertesy, G. 
(2001) Cryst. Res. Technol., 36, 953. 


39 Dotsch, H., Klank, M., Hagedom, O., 
Holthaus, C., Shamonim, M., and 
Trifonov, A. (2004) Magneto-Optical 
Imaging (eds T.H. Johansen and D.V. 
Shantsev), Kluwer Academic Publishers, 
Netherlands, p. 301. 

40 Hansen, P., Rosenkranz, M., and Witter, 
K. (1982) Phys. Rev. B, 25, 4396. 

41 Klank, M., Hagedorn, O., Shamonin, M., 
and Dotsch, H. (2002) J. Appl. Phys., 92, 
6484. 

42 Dotsch, H., Holthaus, C., Trifonov, A., 
Klank, M., Hagedorn, O., Shamonin, M., 
and Schiitzmann, J. (2005) Mater. Res. 
Soc. Symp. Proc., 834, 217. 

43 Dreyer, S. (2007) Entwicklung eines 
quantitativen Verfahrens zur Streufeld- 
und Magnetisierungsbestimmung 
magnetischer Strukturen, Dissertation 
Universitat Gottingen, Mai. 

44 Krafft, C., Zhang, J., Marr, K., Dottelis, 
J.B., and Mayergoyz, I. (2004) Magneto- 
Optical Imaging (eds T.H. Johansen and 
D.V. Shantsev), Kluwer Academic 
Publishers, Netherlands, p. 273. 

45 Matesy GmbH: www.matesy.de. 

46 Fitzpatrick, G.L., Thome, D.K., Skaugset, 
R.L., Shih, E.Y.C., and Shih, W.C.L. 
(1993) Mater. Eval, 51 , 1402. 

47 Radtke, U., Zielke, R., Rademacher, 
H.-G., Crostack, H.-A., and Hergt, R. 
(2001) Opt. Laser. Eng., 36, 251. 

48 Zielke, R., Rademacher, H.-G., Crostack, 
H.-A., Lorenz, A., and Gornert, P. (2007) 
DGZfP-Jahrestagung in Fiirth, DGZfP, 
Berichtsband 104-CD. ISBN: 
978-3-931381-98-1. 

49 Jooss, C., Brinkmeier, E., Bom, V., 
Westhauser, W., and Guth, K. (2004) 
Magneto-Optical Imaging (eds 

T.H. Johansen and D.V. Shantsev), 
Kluwer Academic Publishers, 
Netherlands, p. 29. 


267 


15 

Growth Technology and Laser Properties of 
Yb-Doped Sesquioxides 

Rigo Peters, Klaus Petermann, and Gunter Huber 


15.1 

Introduction 

The cubic rare-earth doped sesquioxides are known for their excellent thermal 
properties and the possibility for high doping concentrations of laser-active rare- 
earth ions. For high-power solid-state lasers ytterbium is the most attractive laser 
ion due to its favorable spectroscopic properties, that is, high absorption and emis¬ 
sion cross-sections and long fluorescence lifetime. The combination of the low 
Stokes shift of the ytterbium ion with the thin-disk laser geometry [1], which is 
one of the most sophisticated laser designs for power scaling [2], allows for an 
excellent beam quality and high optical efficiency. A schematic of the thin-disk 
laser is shown in Figure 15.1. Thus, for laser output powers in the multi-kW range 
Yb-doped sesquioxides could be superior to the standard thin-disk laser material 
Yb: YAG. There is also a great potential for mode-locked laser operation of Yb- 
doped sesquioxides [3-5] due to the relatively broad emission bands. 

However, the very high melting temperatures of about 2500°C hindered the 
production of crystalline material with sufficient optical quality in the past [6]. 
Recent advances in crystal-growth technology of sesquioxides using the heat- 
exchanger-method (HEM) and high-purity rhenium crucibles allow for the produc¬ 
tion of high-quality bulk material [7]. Now, single-crystalline blocks with a volume 
of more than 10 cm 3 have been prepared from the grown boules, limited only by 
the crucible size. In contrast to former samples these high-purity crystals exhibit 
no concentration quenching of the fluorescence yield for doping levels up to 
10at.%. 


15.2 

Structure and Physical Properties 

The sesquioxides Sc 2 0 3 , Y 2 0 3 , and Lu 2 0 3 as well as their solid solutions belong to 
the cubic Bixbyite structure with the space group Ia3 (T^) [8]. Two different sites 
exist in the unit cell, which are sites with C 2 symmetry (24) and sites with C 3i 
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Figure 15.1 Schematic of a thin-disk laser. 



Yb-density [lO^crrf 3 ] 

Figure 15.2 Heat conductivity of different Yb-doped sesquioxides in comparison to Yb: YAG. 


symmetry (8). Both sites may be substituted by Yb, whereas the optical properties 
are mainly determined by Yb in the C 2 sites. 

One of the most desirable properties of host crystals for high-power solid-state 
lasers is a high thermal conductivity. From this point of view the sesquioxides 
Sc 2 0 3 , Y 2 0 3 , and Lu 2 0 3 appear to be suitable due to their high heat conductivity 
in undoped crystals. However, as in all host materials the heat conductivity drops 
significantly when doped with Yb, as demonstrated in Figure 15.2. Due to the 
different atomic weights of the Yb dopant and the host cation this effect is strong¬ 
est in Sc 2 0 3 and weakest in Lu 2 0 3 . Thus, especially for high doping levels the 
thermal conductivity of Lu 2 0 3 is much larger than that of Yb-doped YAG. 

In Table 15.1 some physical properties as well as a few spectroscopic and laser 
relevant data at room temperature are collected. 
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Table 15.1 Physical and spectroscopic properties at 300 K of Sc 2 0 3 , Y 2 0 3 and Lu 2 0 3 in 
comparison to YAC. 



SC 2 O 3 

y 2 o 3 

Lu 2 0 3 

YAG 

Melting point (°C) 

2430 

2430 

2500 

1930 

Therm.-cond. (undoped) (W/m-K) 

16.5 

13.6 

12.5 

11.0 

Therm, cond. (3at.% Yb-doped) (W/m K) 

6.4 

7.4 

10.8 

7.1 

Density of cation sites (10 22 otT 3 ) 

3.3 

2.7 

2.9 

1.38 

Fluorescence lifetime (jus) 

800 

850 

820 

1040 

Pumping wavelength (nm) 

975.1 

976.7 

976.0 

968.8 

Absorption bandwidth FWHM (nm) 

1.5 

2.1 

2.2 

2.5 

<7 a b S (10~ 21 cm 2 ) 

45 

24 

30 

8 


15.3 

Crystal Growth 

Due to their high melting temperatures, high demands on the growth of the ses- 
quioxides Sc 2 0 3 , Y 2 0 3 , and Lu 2 0 3 have to be fulfilled. In particular, the crucible as 
well as the insulation material must have a high thermal, chemical and mechanical 
stability. 

To avoid these problems crucible-free growth techniques can be used, where the 
melt is not in contact with any other material except the growth atmosphere. 
Another possibility is to reduce the needed temperatures by using growth tech¬ 
niques from solutions. Both, solution growth as well as crucible-free methods like 
Verneuil, floating-zone or laser-heated pedestal growth have been investigated in 
the past, but due to inclusions or high stress the crystal quality was limited 

P-12]. 

Using crucibles the crystal quality as well as the achievable crystal size can be 
improved, which is attributed to a better control of the process parameters. 
However, to apply these techniques the crucible and the thermal insulation have 
to withstand the high growth temperatures. If this precondition is fulfilled, well- 
established growth methods like the Czochralski, Nacken-Kyropoulos, and the 
micropulling down technique as well as the Bridgman or the heat-exchanger 
method (HEM) can be used. 

15.3.1 

Growth Methods with Crucibles 

The first attempts to grow high melting sesquioxides from small Re crucibles by 
the Czochralski-method (Cz) have been performed at the Institute of Laser-Phys¬ 
ics, University of Hamburg in the late 1990s [13]. The achieved crystal dimensions 
were 5-15 mm diameter with some mm in length. After a few millimeters of 
growth, the crystals lost contact with the melt. This behavior could not be overcome 
by reducing the heating power because of crystallization of the entire melt. These 
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problems can be explained by the high absorption and low emissivity of the ses¬ 
quioxides of 0.6 to 0.8 at the melting temperature [14]. Since the energy transport 
at high temperatures is dominated by radiation, the high absorption of the crystal 
leads to an increase of the temperature at the interface and thus the crystallization 
stops. 

The problems can be partly avoided by using the Nacken-Kyropoulos technique. 
This method is similar to the Cz method in the beginning. After a short Czochral- 
ski-growth period the pulling process is stopped and the crystal remains in contact 
with the melt, while the system is slowly cooled down. So, the already grown crystal 
acts as a seed. Unfortunately, this method cannot prevent parasitic nucleation at 
the melt surface and the crucible wall, which leads to the formation of several 
crystallites. Furthermore, there is no room to compensate for volume changes of 
the material during crystallization and cooling down. Thus, after the surface of 
the melt has solidified, strong thermal stress appears and very often the crystal is 
cracked. Nevertheless, the size and quality of the sesquioxide crystals grown by 
this method were substantially better than those grown by the Czochralski tech¬ 
nique [15]. 

In contrast to the Nacken-Kyropoulos method, crystals with rather low thermal 
stress can be produced by the Bridgman technique, since there are no problems 
with volume changes during solidification of the melt. However, parasitic crystal¬ 
lization is a serious problem with this growth technique. The Bridgman method 
has been successfully used to grow large sesquioxide boules with single crystals 
up to a volume of a few cm 3 [16]. 

15.3.2 

Heat-Exchanger Method 

Like the Bridgman technique the HEM technique uses a seed crystal that is placed 
at the bottom of the crucible [17, 18]. In contrast to the Bridgman technique with 
a fixed axial temperature gradient the seed crystal is cooled by a gas flow through 
a nozzle at the bottom of the crucible. Thus, with the HEM technique the heat is 
extracted selectively at the seed, leading to nearly hemispherical isothermal lines 

[19]- 

In Figure 15.3 the HEM growth process is shown schematically. After melting 
the raw material the gas flow is increased slowly at a constant heating power. The 
crystal grows without coming into contact with the melt. After reaching the 
maximum gas flow, the heating power is reduced and the melt crystallizes com¬ 
pletely. Due to the relatively late contact with the crucible wall, less stress is 
induced in the crystal in comparison with the Bridgman technique. 

In industrial production this technique is used to fabricate high-quality sapphire 
with diameters up to 35 cm and weights up to 65 kg [20] as well as polycrystalline 
silicon, with crystal weights up to 200kg [21]. 

15.3.2.1 Crucible 

Due to the high melting points of the sesquioxides only a few materials fulfill the 
demands for crucibles. In addition to rhenium with a melting temperature of 
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Figure 15.3 Schematic of the HEM growth 
process: (a) with raw material filled crucible; 
(b) melting of the raw material with partially 
melting of the seed; (c) increasing of the gas 


flow and crystallization of the melt starting 
from the seed; (d) at maximum gas flow 
nearly completely crystallized melt. 


T m = 3186°C only tungsten (T m = 3422°C), osmium ( T m = 3033 °C), tantalum 
(T m = 3020°C), and carbon (T sbl = 4000°C) have melting points that are high 
enough for the high-temperature crystal growth. Osmium and tantalum cannot 
be used practically due to toxicity or high chemical reactivity with oxidic melts. 
Also, crucibles made from glasslike carbon are strongly corroded by the oxidic 
melts of the sesquioxides. Growth attempts with tungsten crucibles resulted in all 
cases in a dark-green coloration of the crystals, which can be attributed to a high 
solubility of tungsten in the melt. In contrast to these materials rhenium is practi¬ 
cally inert to the melt, although it shows a high sensitivity to oxygen in the atmos¬ 
phere. Due to the resistance against hydrochloric and phosphoric acids, rhenium 
crucibles can be cleaned relatively easy from melt leftovers. 

15.3.2.2 Atmosphere 

Due to the high oxygen sensitivity of rhenium a reducing growth atmosphere has 
to be used. In the past a combination of nitrogen with a small amount of hydrogen 
(5-15%) has been found to be well suited [22]. The hydrogen acts as a scavenger 
for the oxygen released from the insulation and the melt and thus prevents the 
rhenium from oxidation. 

To investigate the influence of the growth atmosphere on the grown crystals 
phase diagrams have been calculated using the program Factsage. For an atmos¬ 
phere consisting of 85% N 2 and 15% H 2 the resulting phase diagram is shown in 
Figure 15.4 for Lu 2 0 3 as an example. The actual oxygen partial pressure is given 
at the y-axis for residual oxygen concentrations between 10 ppm and 1000 ppm. 
Due to the chemical reaction between oxygen and hydrogen at low temperatures 
the oxygen in the atmosphere is bound as water vapor. With increasing tempera¬ 
ture the water vapor dissociates and the oxygen partial pressure increases. If the 
oxygen pressure is above a certain value different rhenates like Re0 2 , Re0 3i and 
Re 2 0 7 can be formed, which has to be prevented. On the other hand, for very low 
oxygen contents the sesquioxides can be reduced even to the metal phase. However, 
there is a relatively large range of oxygen partial pressures, where the growth of 
Lu 2 0 3 is possible. 
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Figure 15.4 Predominance diagram of Re, Lu, and 0 2 under an atmosphere of 85% N 2 
and 15% H 2 . 





Figure 15.5 Schematic of the gas-cooling circuit. 


The oxygen partial pressure in the growth chamber is measured with a potentio- 
metric zirconia cell, working at a cell temperature of 700 °C. Thus, using the cal¬ 
culated phase diagrams and the measured oxygen content in the atmosphere the 
oxygen partial pressure can be estimated for any temperature up to the melting 
point (colored curves in Figure 15.4). For the used H 2 /N 2 mixture the typical p(0 2 ) 
was measured to be between 1 x 1(T 26 and 1 x 10” 23 bar, corresponding to a residual 
oxygen concentration between 200 ppm and 6000 ppm. 

15.3.2.3 Setup 

The crystal-growth facility is a modified Czochralski setup with an implemented 
pump circuit as shown in Figure 15.5. The chamber gas is pumped by an oil-free 
membrane-pump through a nozzle onto the bottom of the crucible. Between the 
pump and the flow controller a buffer volume is placed to stabilize the gas flow. 
To reduce the gas temperature a gas cooling stage is also implemented. Further- 
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Figure 15.6 Schematic of the HEM setup. 


more, particle filters are used to prevent damage of the pump. The gas flow is 
adjusted by a flow controller with a dynamical range of 0 to 501/min. 

To reduce heat losses by thermal radiation efficient insulation is required, which 
is able to withstand the high growth temperatures. A combination of yttria-stabi- 
lized fiber-type Zr0 2 felts and ceramic A1 2 0 3 disks has been found to be the 
optimum insulation [23]. To prevent melting or sintering of the felts, which are 
stable up to 2480 °C, the direct contact with the crucible has to be prevented. 

The experimental setup is shown in Figure 15.6. The inductively heated 40-mm 
diameter crucible is placed on a pedestal, made of rhenium-rods. On top of the 
Re lid a spacer is located on which several layers of Zr0 2 felts and finally some 
ceramic A1 2 0 3 disks are placed. Additional layers of felts provide the thermal insu¬ 
lation on the sides and the bottom of the set-up. Special attention has to be paid 
to the accurate fitting of the insulation around the gas nozzle to prevent a gas 
flow along the conical crucible bottom, leading to flattening of the isotherms, and 
thus enhancement of parasitic crystallization from the crucible edges. With the 
described setup a nearly isothermal temperature distribution can be achieved. A 
further advantage of the completely closed insulation is the strongly reduced 
heating power, in contrast to the Czochralski technique. 

15.3.2.4 Growth Procedure 

The high-purity raw materials are mixed according to their stoichiometric compo¬ 
sition and placed in the crucible. Under a H 2 /N 2 atmosphere the crucible is heated 
to about 1500 °C within a few hours to slowly release oxygen from the insulation 
materials. By the same step shrinking of the zirconia felts at higher temperatures 
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can be reduced. After two hours the temperature is increased to 2500°C to melt 
the raw materials. Due to the low density of the starting powders, this procedure 
has to be repeated 3-4 times to fill about 75% of the crucible volume. After final 
heating to about 2600 °C the melt is held at this temperature for 2h for homogeni¬ 
zation. Next, the gas flow is increased over 20h to a maximum value of 15-201/ 
min. After reaching the maximum flowrate, the heating power is reduced with a 
slope of ~30°C/h for a complete crystallization of the melt. Finally, the grown 
boule is cooled to room temperature over 72 h. As a last step the boule is drilled 
out of the crucible with a diamond core drill. 

15.3.2.5 Results 

With optimized parameters colorless crystalline boules with dimensions up to 
40 mm in diameter and 35 mm in height could be drilled out of the rhenium 
crucible (see Figure 15.7). From these boules monocrystalline regions up to 30cm 3 
can be obtained, which are suitable for the preparation of a large number of laser 
disks. 

To investigate the internal stress, Yb:Lu 2 0 3 and Yb:Y 2 0 3 samples with 0.5mm 
thickness have been polished on two sides and placed between crossed polarizers. 
Under a microscope only weak birefringence has been found for Yb:Lu 2 0 3 , which 
could be expected for the contact-free growth by the HEM technique. In contrast 
to Lu 2 0 3 , Yb:Y 2 0 3 shows relatively strong birefringence, as can be seen in Figure 
15.8. This behavior was observed in all Y 2 0 3 samples and may be due to different 
phase transitions during cooling to room temperature, leading also to significantly 
higher scattering losses in the range of 0.2dB/cm [24]. 

In Figure 15.9a,b microscope images of the seed region of an Yb:Lu 2 0 3 crystal 
are shown. At the lower part of Figure 15.9a the seed can be seen with only few 
inclusions and weak scattering. Above a sharp boundary an increased density of 
dark spots occurs. The small defects are Re inclusions, which are generated by a 



Figure 15.7 Photographs of different Sc 2 0 3 (left) andY 2 0 3 samples (right). The diameters of 
the grown boules are between 35 mm and 40mm. 
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Figure 15.8 Microscope images under crossed polarizers of 0.5-mm thick Yb(5at.%):Lu 2 0 3 
and Yb(5at.%) :Y 2 0 3 crystals. 



Figure 15.9 Microscope images ofYb:Lu 2 0 3 with Re particles at the seed/crystal interface. 


Re transport from the crucible to the melt as a result of the chemical reaction with 
oxygen in the growth atmosphere, mainly released from the Zr0 2 insulation. The 
typical particle size is in the range of 5 pm to 20 pm. Due to their higher density 
these particles sink to the bottom of the crucible and accumulate on the top of the 
seed. With increasing cooling-gas flow and thus the grown volume, the density of 
these defects decreases because of the decreasing 0 2 content in the insulation and 
the growth atmosphere. Thus, the composition of the growth atmosphere is the 
most crucial parameter for the optimization of the crystal quality. 

For further investigation of the seeding and growth process, microprobe analy¬ 
ses of a variety of Yb:Lu 2 0 3 samples have been performed. It was found that the 
distribution coefficient of Yb is close to unity, that is, it varied between 0.96 and 
1.09. In Figure 15.10 the Yb concentration in the seed region of a 5 at.% Yb-doped 
Lu 2 0 3 crystal is shown. The local resolution was 40pm over a length of 13 mm. 
One can see a homogeneous distribution of the Yb ions with a sharp rise from 
2 at.% (seed concentration) to 5 at.% of the grown crystal within the 40-pm step 
width. Surprisingly no interdiffusion occurred at the seed/crystal boundary despite 
the extremely high growth temperature. 

In Table 15.2 some results of growth runs at various oxygen concentrations in 
the growth atmosphere are collected. It can be seen that with decreasing oxygen 
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Figure 15.10 Microprobe analysis of the seed region of an Yb:Lu 2 0 3 crystal. 


Table 15.2 Influence of oxygen content on color-center formation, Re inclusions and crucible 
corrosion by oxidation of rhenium. 


P(Oz) 

(mbar) 

c(0 2 ) 

(%) 

Color 

centers 

Re 

inclusions 

Crucible corrosion at 

contact with insulation 

>1 x 10" 20 

>0.6 

Clear 

Many 

Strong 

>1 x 10' 21 

>0.2 

Clear 

Medium 

Medium 

<1 x 10" 21 

<0.2 

Bottom 

Few 

Few 

1 x 1(T 23 

0.02 

Complete 

No 

Few 


content the color center concentration increases strongly, whereas the concentra¬ 
tion of Re inclusions decreases. At the same time, the surface corrosion of the 
crucible, where it is in contact with the Zr0 2 felt of the thermal insulation, 
decreases considerably. So, the optimal growth condition seems to be at an oxygen 
pressure below 10 _21 mbar, although the color centers have to be removed in a 
separate annealing process. Of course, the annealing can also be performed during 
cooling, after exchange of the growth atmosphere. 


15.4 

Spectroscopic Characterization 

Depending on the growth atmosphere the grown crystal boules are often colored, 
that is they are red, blue or black. Because all sesquioxides are grown under 







15.4 Spectroscopic Characterization 277 



Figure 15.11 Absorption coefficients of as grown Yb:Lu 2 0 3 and Ybz:Sc 2 0 3 crystals showing 
different types of color centers. 


strongly reducing conditions, a large amount of oxygen is removed from the melt 
by the hydrogen in the growth atmosphere and thus a large number of oxygen 
vacancies remains in the grown crystal. These vacancies may trap electrons and 
form color centers, so-called F centers. 

The absorption spectra of the color centers in Yb: Lu 2 0 3 and Yb: Sc 2 0 3 are shown 
in Figure 15.11. Besides the well-known Yb absorption between 900nm and 
llOOnm strong absorption bands are present in both crystals extending from the 
UV to the NIR spectral range and causing the red, blue, and black coloration. The 
crystallographic structure of the color centers has not yet been determined. 
However, all these centers can be removed by annealing the crystals at tempera¬ 
tures above 800°C in air, resulting in colorless samples. 

The formation of color centers at the growth temperature is probably the reason 
for the unsuccessful crystal growth by the Czochralski technique. Due to the 
absorption of the thermal radiation of the melt by the color centers the growing 
crystal is heated up, resulting in a distortion of the radial and axial temperature 
gradients. Okano et al. observed also poor growth behavior of LiTa0 3 , similar to 
that of the high melting point sesquioxides, when color centers were present in 
the growing crystal [25]. 

Figures 15.12a and b show the absorption and emission cross-sections of Yb- 
doped Lu 2 0 3 in comparison with Yb: YAG. In contrast to Yb: YAG where the absorp¬ 
tion cross-sections around 940 nm and 969 nm are similar, a abs is about 4 times 
larger in Yb: Lu 2 0 3 for the zero-phonon line (ZPL) at around 976nm than for the 
950-nm absorption band. In fact, this allows a strong reduction of the disk thick¬ 
ness for the same doping concentration, leading to a better heat removal from the 
disk; but on the other hand, with a FWHM of 2.1 nm the absorption bandwidth 
is considerably narrower than for the 950-nm band, which increases the demands 
on the bandwidth for the pump diodes and makes the laser more sensitive to shifts 
of the pump wavelength. Nevertheless, laser diodes fulfilling these demands are 
now commercially available at output powers in the kW range. 








fluorescence lifetime [ns] Absorption Cross Section [10" 21 cm 2 ] 
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Figure 15.12 Absorption (a) and emission cross-sections (b) ofYb:Lu 2 0 3 in comparison to 
Yb: YAG. 
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Figure 15.13 Fluorescence lifetime ofYb:Sc 2 0 3 (a), Yb:Y 2 0 3 (b), and Yb:Lu 2 0 3 (c) versus Yb 
concentration demonstrating the improvement with high-purity crystals (red data points). 


As can be seen in Figure 15.12b the emission cross-section of the main laser 
transition around 1034 nm is somewhat lower but slightly broader than for 
Yb:YAG. This results in a broader gain profile and enables the generation of 
shorter pulses with Yb:Lu 2 C >3 (220 fs) than for Yb:YAG (340 fs), when the laser 
operates in a mode-locked regime [26, 27]. 

Because energy transfer from excited Yb ions to impurities leads to a decrease 
in quantum efficiency, the fluorescence lifetime can be used as an indicator of the 
crystal quality. Thus, in order to compare the purity of the new-generation crystals 
with that of samples grown in former experiments, detailed fluorescence lifetime 
measurements have been performed. Using the pinhole method [28] to prevent 
radiation trapping, values between 820 ps and 905 ps have been determined in 
high-purity Yb:Lu 2 0 3 crystals (see Figure 15.13). For Y 2 0 3 and Sc 2 0 3 the lifetime 
data are also given in Figure 15.13. In contrast to previous growth experiments no 
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concentration quenching, that is no decrease in quantum efficiency was observed 
up to the highest doping concentration of 10 at.%, corresponding to an Yb density 
of 2.9 x 10 21 cm" 3 . 


15.5 

Laser Experiments 

For the laser experiments one side of each disk was highly reflective (HR) coated 
from 900nm to 1150nm, covering the pumping wavelength and the emission 
band. This side was soldered to a water-cooled copper heat sink with a thin layer 
of indium-tin solder providing a low thermal impedance between the laser medium 
and the cooling system. The opposite side of each crystal was antireflective (AR) 
coated for the same spectral range. The fiber-coupled diode pump laser (JENOP- 
TIC LaserDiode GmbH, Germany) delivered 50 W output power at 976 nm with a 
spectral width of 2.5 nm; the fiber diameter was 600pm with NA = 0.22. Efficient 
absorption of the pump radiation was achieved with a pumping module that pro¬ 
vided 24 passes of the pump beam through the crystals. The pump beam diameter 
on the crystal was 1.2mm. A plane-concave resonator of 70mm length was used 
to investigate the characteristics of the laser emission; the radius of curvature of 
the concave output mirror was 100 mm. To achieve optimum absorption at the 
maximum of the Yb zero-phonon line, the diode temperature was varied between 
8°C and 21 °C, depending on the pump power. 

Figure 15.14 presents the output power versus pump power (measured at the 
fiber end) for the most efficient crystals used in the laser experiments. The 0.15- 
mm thick 5 at.%-doped Yb:Lu 2 0 3 crystal delivered at an optimum outcoupling 
transmission of T oc = 1.6% a maximum output power of 36.3 W at a pump power 
of 49.8 W (see Figure 15.14 left). The maximum slope efficiency q s and opt.-opt. 
efficiency 7/ opt was 80% and 73%, respectively [29]. It was observed that even for 
T oc = 0.4% the slope efficiency is well above 75%, which is an indicator of very low 
crystal losses. As is known from previous experiments, the laser wavelength 



Figure 15.14 Thin-disk laser results with HEM-grown Yb:Lu 2 0 3 (left) and Yb:Sc 2 0 3 
crystals (right). 
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changes from 1080nm to 1034nm at outcoupling rates exceeding a few per cent. 
No differences between crystals of different growths runs have been observed. 
Furthermore, up to the maximum disk thickness of 0.45 mm no decrease in slope 
efficiency, caused by an increased thermal loading of the disk was noted. This fact 
is due to the high thermal conductivity of Yb: Lu 2 0 3 and is proof of an efficient 
heat removal even from thicker disks. 

Also, for Yb: Sc 2 0 3 highly efficient thin-disk laser operation has been achieved 
(see Figure 15.14 right) with output data very similar to those of Yb: Lu 2 0 3 . Here, 
the maximum slope efficiency was 82% at an optical-to-optical efficiency of more 
than 75% [30]. 

15.6 

Summary and Outlook 

Due to the achievable crystal size, as well as the relatively low stress, the HEM 
technique has been proven to be an adequate growth method to produce high- 
quality sesquioxide crystals. Crystalline boules up to 40 cm 3 volume with single¬ 
crystalline regions of nearly 30 cm 3 have been grown from rhenium crucibles 
under a reducing atmosphere. No rhenium inclusions were found, if the residual 
oxygen or water concentration was below a few thousand ppm. The purity of the 
crystals was monitored by lifetime measurements of the Yb fluorescence. No 
concentration quenching, that is, no decrease of the quantum efficiency due to 
impurities was observed up to a doping concentration of 10at.%. Furthermore, 
thin-disk laser experiments have been performed. At a pumping power of 50 W 
about 36 W of output power could be obtained with Yb:Lu 2 0 3 as well as with 
Yb:Sc 2 0 3 , corresponding to a slope efficiency of 80% (73% optical efficiency). 
Again, these results are strong indicators of the very high optical quality of the 
grown sesquioxide crystals. 

Till now the boule dimensions are quite small in comparison with those of sap¬ 
phire grown by the HEM technique. In principle, there are no limitations for the 
Re crucible size and thus larger crystals may be grown in the future. Furthermore, 
the seeding process has to be improved in order to produce single-crystalline 
boules. 

Currently, the growth runs are performed with a closed atmosphere, that is the 
oxygen partial pressure is not exactly known. New experiments with a flowing 
atmosphere of fixed composition are in progress and will improve the reproduc¬ 
ibility of the grown boules. 


Acknowledgment 

The authors would like to thank Dr. Detlef Klimm from the Leibniz-Institut fur 
Kristall-ziichtung (IKZ), Berlin for many helpful discussions and the calculation 
of the Ellingham diagrams. 


References 


281 


References 

1 Giesen, A., el al. (1994) Scalable concept 
for diode-pumped high-power solid-state 
lasers. Appl. Phys. B, 58, 365. 

2 Giesen, A., and Speiser, J. (2007) Fifteen 
years of work on thin-disk lasers: results 
and scaling laws. IEEE J. Select. Top. 
Quant. Electron., 13, 598. 

3 Griebner, U., et al. (2004) Passively 
mode-locked Yb:Lu 2 0 3 laser. Opt. Exp., 
12, 3125. 

4 Tokurakawa, M., et al. (2009) Ultra-short 
pulses from diode-pumped Yb3+-doped 
crystal and ceramic lasers with high 
average power, Advanced Solid-State 
Photonics (ASSP), Denver, paper MC3. 

5 Marchese, S.V., et al. (2007) Efficient 
femtosecond high power Yb:Lu 2 0 3 thin 
disk laser. Opt. Exp., 15, 16966. 

6 Larionov, M., et al. (2001) Thin disk laser 
operation and spectroscopic characteriza¬ 
tion of Yb-doped sesquioxides and 
potassium tungstate. Proceedings of 
Advanced Solid-State Lasers and 
Photonics Conference, p. 625. 

7 Peters, R., et al. (2007) Broadly tunable 
high-power Yb:Lu 2 0 3 thin disk laser 
with 80% slope efficiency. Opt. Exp., 15, 
7075. 

8 Pauling, L., and Shappell, M.D. (1930) 
The crystal structure of Bixbyite and the 
C-modification of the sesquioxides. Z. 
Krist., 75, 128. 

9 Barta, C., Petru, F., and Hajek, B. (1957) 
Uber die Darstellung des Einkristalls von 
Scandiumoxyd. Die Naturwissenschaften, 
45 (2), 36. 

10 Lefever, R.A. (1962) Flame fusion growth 
of C-type rare-earth oxides. Rev. Sci. 
Instrum., 33 (12), 1470. 

11 Kitazawa, K., Nagashima, K., Mizutani, 
T., Fueki, K., and Mukaibo, T. (1977) 

A new thermal imaging system utilizing 
a Xe arc lamp and an ellipsoidal mirror 
for crystallization of refractory oxides. 

J. Cryst. Growth, 39 (2), 211. 

12 Huber, G., Payne, S.A., Chase, L.L., and 
Krupke, W.F. (1988) Optical spectroscopy 
of Cr 3+ in ScF 3 and Sc 2 0 3 . J. Lumin., 39 
(5), 259. 

13 Fornasiero, L., Mix, E., Petermann, K., 
and Huber, G. (1999) New oxide crystals 


for solid state lasers. Cryst. Res. Technol., 
34, 255. 

McMahon, W.R., and Wilder, D.R. (1968) 
Hemispherical spectral emittance of 
selected rare earth oxides. J. Am. Ceram. 
Soc., 51 (4), 187-192. 

Petermann, K„ Huber, G., Fornasiero, 

L., Kuch, S., Mix, E., Peters, V., and 
Basun, S.A. (2000) Rare-earth-doped 
sesquioxides. J. Lumin., 87, 973. 
Petermann, K., Fornasiero, L., Mix, E., 
and Peters, V. (2002) High melting 
sesquioxides: crystal growth, spectros¬ 
copy, and laser experiments. Opt. Mater., 
19, 67. 

Schmid, F., and Viechnicki, D. (1970) 
Growth of sapphire disks from the melt 
by a gradient furnace technique. J. Am. 
Ceram. Soc., 53 (9), 528. 

Schmid, F. (1973) New approach to high 
temperature crystal growth from the 
melt. Solid State Technol., 16, 45. 

Lu, C.W., and Chen, J.C. (2001) 
Numerical computation of sapphire 
crystal growth using heat exchanger 
method. J. Cryst. Growth, 225, 274. 
Khattak, C.P., and Peters (2001) Growth 
of the world's largest sapphire crystal. 

]. Cryst. Growth, 225, 572. 

Crystal Systems (2008) www. 
crystalsystems.com. 

Peter, V., Bolz, A., Petermann, It, 
and Huber, G. (2002) Growth of 
high-melting sesquioxides by the heat 
exchanger method. J. Cryst. Growth, 
237-239, 879. 

Peters, R., Krankel, C., Petermann, K., 
and Huber, G. (2008) Crystal growth by 
the heat exchanger method, spectro¬ 
scopic characterisation, and laser 
operation of high purity Yb 3+ -doped 
Lu 2 0 3 . J. Cryst. Growth, 310 (7-9), 
1934-1938. 

Schenk, It, Peters, R., Petermann, K., 
and Huber, G. (2009) Investigation of the 
scattering properties of Yb:Y 2 0 3 and its 
effect on laser parameters, CLEO/ 
Europe-EQEC 2009, paper CA.P.20 TUE. 
Okano, Y., Tsuji, Y., Yoon, D.H., 
Hoshikawa, K., and Fukuda, T. (1994) 
Internal radiative heat transfer in 


14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 


282 


75 Growth Technology and Laser Properties ofYb-Doped Sesquioxides 


Czochralski growth of LiTa0 3 single 
crystal. J. Cryst. Growth, 141, 383-388. 

26 Griebner, U., Petrov, V., Petermann, K., 
and Peters, V. (2004) Passively mode- 
locked Yb:Lu 2 0 3 laser. Opt. Exp., 12, 
3125-3130. 

27 Honninger, C., Paschotta, R., Graf, M., 
Morier-Genoud, F., Zhang, G., Moser, 

M., Biswal, S., Nees, J., Braun, A., 
Mourou, G.A., Johannsen, I., Giesen, A., 
Seeber, W., and Keller, U. (1999) 

Ultrafast ytterbium-doped bulk lasers and 
laser amplifiers. Appl. Phys. B, 69, 3-17. 

28 Kuhn, H., Fredrich-Thornton, S.T., 
Krankel, C., Peters, R., and Petermann, 


K. (2007) Model for the calculation of 
radiation trapping and description of the 
pinhole method. Opt. Lett., 32, 
1908-1910. 

29 Peters, R., Krankel, C., Petermann, K., 
and Huber, G. (2007) Broadly tunable 
high-power Yb:Lu 2 0 3 thin disk laser with 
80% slope efficiency. Opt. Exp., 15 (11), 
7075-7082. 

30 Peters, R., Krankel, C., Petermann, K., 
and Huber, G. (2008) High power laser 
operation of sesquioxides Yb:Lu 2 0 3 and 
Yb:Sc 2 0 3 . Conference on Lasers and 
Electro-Optics (San Jose, California, 
USA), p. paper CTuKI<4. 


283 


16 

Continuous Growth of Alkali-Halides: Physics and Technology 

Oleg Sidletskiy 


16.1 

Modern Requirements to Large Alkali-Halide Crystals 

The size of growing crystals is an important factor in the fabrication cost of crystals 
and devices made from them. For some applications crystal elements are needed 
in dimensions up to hundreds of millimeters, with high transparency and homo¬ 
geneity of properties through the crystal volume. In these cases obtaining large 
crystals is not only the method of fabrication cost minimization, but a functional 
need. Analysis of growth techniques shows that large-size crystals may be grown 
with good efficiency by Czochralski, Kyropoulos, Bridgman-Stockbarger methods, 
and their modifications. Continuous growth techniques developed for large-size 
alkali halide crystals (AHC) is an example of successful optimization of a conven¬ 
tional growth method aimed to pull large-size crystals. 

AHC are widely used as optical and scintillation materials. Optical materials, 
such as KC1, KBr, Csl, possess good transmittance in the IR range and are used 
as IR optical components. The requirements on crystal absorption are very tough 
(absorption coefficient in the IR band must not exceed 10" 4 cm _1 ). Scintillators are 
another basic field of AHC application. They are used in medical imaging, 
medium-energy physics, industrial and security applications [1-3]. Scintillators 
for medium-energy physics have dimensions up to 300mm, SPECT detectors for 
whole-body screening reach 600 mm in size and more. One can see the need for 
large-size detectors in both optical and scintillation applications. These require¬ 
ments increase from decade to decade. Currently, the annual need for alkali-halide 
crystals is several tens of tons, a half of this quantity are large-size crystals. There¬ 
fore, crystal size increase claims requires uniformity of functional characteristics 
along the growing crystals. Variation of transmission, light yield, and energy reso¬ 
lution in many cases must not exceed 2-3%. 

These conditions may be satisfied only by constant distributions of activator and 
admixtures along the crystal. Most alkali-halide scintillators contain activators 
(Na + , Tl + ) with segregation coefficients well below unity. For instance, fe(Tl) equals 
0.18 in Csl and 0.2 in Nal [4]. The activator concentration greatly influences the 
scintillation properties of crystals. For example, light yield and energy resolution 
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of Nal(Tl) is optimal at 500-2000ppm T1 content. Reasonable radiation hardness 
is observed at T1 concentrations below 2000ppm [5]. Sometimes, the presence of 
several activators is necessary to obtain the required properties, and the concentra¬ 
tion of every activator must be constant along the crystal [6]. 

From the physical viewpoint a crystal growing is a nonequilibrium process 
impacted by a number of external and internal factors. Only quasi-stationary condi¬ 
tions may be achieved during growth. Temperature change and crystal pulling 
could be the driving forces for crystallization, but simultaneously they disturb the 
system equilibrium. The main task of technology is to create growth conditions 
such that the system may be returned to equilibrium after disturbances without a 
decrease of crystal quality. 

The following physical principles may be formulated for growth of large-size 
crystals with uniform characteristics along the crystals, low cost, and large indus¬ 
trial yield: 

• steady conditions at crystal/melt interface (CMI) during growth (stable heat 
balance, constant crystallization mass rate, fixed CMI shape, good melt 
homogeneity); 

• stable concentration of activator(s) in the growing crystal. 

For crystal-growth technology this means: 

• fixed CMI position in respect to heaters, crucible, and other furnace parts; 

• stable melt composition during the growth, and good melt mixing; 

• easy and reliable automated control method for growth of crystals with weights 
of several hundred kilo. 


16.2 

Conditions of Steady-State Crystallization in Conventional Melt-Growth Methods 
and in Their Modifications 

16.2.1 

Conventional Methods 

Let us consider conventional growth methods in the context of the requirements 
mentioned above. The Bridgman-Stockbarger method and its modifications do 
not require difficult growth algorithms. The CMI in this method can be fixed with 
respect to the heaters, implying relatively stable crystallization conditions. However, 
the Bridgman method has several fundamental drawbacks. These are adhesion of 
growing crystals to the crucible and problems of their separation after crystal 
growth. Difference in thermal expansion coefficient of crystal and ampoule often 
leads to cracking. In accordance with Pfann [7], it is impossible to avoid nonuni¬ 
form activator distribution C s along the crystal if its segregation coefficient does 
not equal unity. Melt homogeneity in Bridgman is not good because of poor con¬ 
vection. For this reason, the additional procedures of melt stirring by accelerated 
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crucible rotation technique (ACRT [8]), vibration stirring [9], electromagnetic field 
[10], etc., were developed. 

In the Czochralski and Kyropoulos methods some drawbacks of the Bridgman 
method can be avoided. There is no contact of the crucible with the crystal. Rota¬ 
tion of crystal and/or crucible and intensive thermal convection in the melt provide 
better melt homogeneity. However, the melt level in the crucible moves down 
during crystal growth and the crystal is subjected to heating by hot crucible walls. 
Consequently, thermal gradients decrease, and the growth process may become 
unstable. The activator distribution in a crystal, as in the Bridgman-Stockbarger 
method, depends on the size of the crystallized melt. A relatively stable activator 
content in crystals in the conventional Czochralski method may be obtained only 
for small crystals, related to the melt weight. 

Therefore, conventional growth methods are not good enough for reproducible 
growth of large crystals. Problems of a fixed CMI position and stable activator 
concentration were solved rather easily by raw-material feeding at a rate equal to 
the mass crystallization rate [11]. Sustaining of steady-state conditions appears to 
be a more difficult task. Additionally, a stable thermal field configuration and a 
constant balance of heat inflow and heat removal at CMI must be maintained. 
Heat-balance changes increase with crystal size, even for a stable melt level in 
crucible, and the easiest way to regulate this is a heater-power correction. 

16.2.2 

Melt-Feeding Methods 

The aforementioned principles may be successfully implemented in the known 
growth methods. Some AHC producers tried to modify the Bridgman-Stockbarger 
method. For instance, in [12] melt feeding is provided from the outer vessel situ¬ 
ated above the growth chamber. Only a small amount of melt must be situated in 
growth in the crucible at a certain moment to avoid turbulent flow. The authors 
claim that this method is applicable to grow alkali-halide crystals of 30 inches 
diameter and 20 inches height. However, this method is not applied in industrial- 
scale growth. In a modification of horizontal Bridgman [13], the melt is fed to the 
crystallization zone from another crucible and the growing crystal is pulled in 
the horizontal direction by a special appliance. As the result, in both examples the 
CMI is fixed with respect to heaters, and the melt composition can be controlled. 
However, the last example implies limitations on crystal thickness, because strong 
thermal convection in large melt volumes does not provide temperature homoge¬ 
neity along the CMI. 

Examples of melt feeding by raw material in Czochralski and Kyropoulos growth 
are more numerous. Great success was achieved in the growth of large semicon¬ 
ductor crystals (see, for example, [14, 15]). There are many modifications of the 
so-called double-crucible Czochralski method developed for oxide and semicon¬ 
ductor crystals, such as InGaAs [16], LiNb0 3 [17], LiTa0 3 [18], YA10 3 [19], Lu 2 Si0 5 
[20]. According to these methods, raw material is fed to the lateral part of the 
crucible, or to the outer crucible. Crystallization on a seed is provided in the 
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smaller inner crucible, which is situated, as a rule, inside the larger crucible. Raw 
material is supplied from the lateral to the inner crucible at a rate equal to crystal¬ 
lization mass rate. Small temperature fluctuations and a constant melt level inside 
the inner crucible promote crystallization stability. The common feature of these 
methods is that the melt volume in the inner crucible should be rather large to 
damp temperature fluctuations called by melt inflow from the lateral crucible. 

16.2.3 

Growth-Process Control 


Melt feeding in the Czochralski-Kyropoulos method and formation of steady 
conditions at the CMI appears to be the most attractive way to create a technique 
for large crystal growth. Large crystals take a substantial time to grow. This is why 
development of an automated control system is an important issue. 

Crystal shape and diameter in conventional Czochralski and Kyropoulos methods 
are usually controlled by weight or optical sensors. In weighing control a crystal 
diameter is calculated from changes in the crystal or melt weight. Optical methods 
are based on pyrometric control of the meniscus shape at the crystal/melt bound¬ 
ary. Sometimes, hybrid control systems utilizing both optical and weight sensors 
demonstrate better performance [21]. However, for AHC continuous growth, if 
crystal weight is several hundreds kg and direct meniscus sighting is difficult due 
to clouds of evaporating melt, the melt-level regulation is the most reliable and 
easiest method [22]. The melt-level control by an electrocontact sensor provides 
10-pm precision and depends on neither the crystal transverse shape, nor crystal 
weight, nor melt weight, nor growth atmosphere permeability [23]. The first suc¬ 
cessive attempts of melt-level probe utilization were made in the 1980s [11, 24]. 
The main potential drawback of this method (the same as for weighing and optical 
control methods) is that changes of melt volume on CMI shape transformations 
or melt evaporation can be interpreted as a crystal-diameter change. Equation 16.1 
for crystal diameter d at growth with melt feeding is the follows: [24] (m-feeding 
mass rate, Vp-puling rate, D-crucible diameter, h-melt column height, p s and 
Pi-densities of crystal and melt, respectively, a-thermal expansion coefficient of 
melt, T-averaged melt temperature, /-evaporation rate, W s -undermelt crystal 
volume). 


d«d,{l + — 
2m 


~f~ h ~ W s Ipiaf - (p s - p, )W S - ^( D I p l - dip s )h-^(D 2 -di)y 


(16.1) 


One can see that if W s increases during crystal growth the real crystal diameter d 
will be smaller than at steady state (d s ). This means that a measured crystal diam¬ 
eter will be smaller than in reality. The same phenomenon is observed from melt 
volatility (large y). Thus, the growth process will tend to steady-state conditions 
(d—>d s ) with an increase of Ws, m, y, the d s /D ratio, and smaller melt volume (larger 
W s ) in the crucible. However, it is obvious that W s , y, m, d s /D parameters may not 
be increased infinitely. 
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16.3 

Macrodefect Formation in AHC 

The limits of acceptable fluctuations of growth characteristics may be determined 
directly by forced variation of these parameters and observation of their impact on 
the grown crystal quality. Absence of macrodefects (inclusions) in a crystal evi¬ 
dences steady-state conditions and stable CMI shape. In turn, formation of mac¬ 
rodefects in crystals leading to a decrease of transmission and other crystal 
characteristics indicates disturbance of steady-state conditions. It was established 
that macrodefects in AHC include inclusions of foreign phases and gaseous 
bubbles dissolved in the melt [25]. 

The concentration of gases and admixtures dissolved in the melt is determined 
by the Henry law (16.2): C 0 -equilibrium concentration of gas (admixture); P- 
partial pressure. 


C 0 = KP 


(16.2) 


Gas-bubble formation in melts and their capture by CMI occurs on temperature 
decrease when their concentration in the melt becomes higher than the equilib¬ 
rium one. The time t s of diffusional accumulation of an admixture (16.3) depends 
on the diffusion layer thickness 5 0 and the diffusion coefficient D: 



(16.3) 


If the growth rate is too high, or, t s is smaller than the time of melt temperature 
correction by the control system, the melt supersaturates with gaseous bubbles 
and admixtures at CMI, and they are captured into the crystal. This time is about 
15 min for KC1 [26]. 

The dependence of light scattering intensity in crystals on growth rate is well 
illustrated by KC1 example [26]. Light scattering (that is, the quantity of macro¬ 
defects) increases linearly with pulling rate. Thus, we may achieve the needed 
light scattering value and, theoretically, achieve conditions without scattering by 
choosing the correct growth rate. It has been demonstrated [26, 27] that the 
growth rate 2-4mm/h for Csl and Nal, and 2-6mm/h for KC1 crystals are optimal 
for continuous growth method and conditions of Equation 16.1. 

Changes in crystallization rate may cause CMI-shape transformations and mac¬ 
rodefect formation in certain regions of a crystal. These transformations can be 
performed by simultaneous increasing of feeding and pulling rates during con¬ 
tinuous growth (Figure 16.1) leading to a melt-level rise in the crucible. A diame¬ 
ter-control system based on the electrocontact probe stabilizes melt level by 
heater-power regulation. However, the time of crystal-diameter stabilization after 
a disturbance is significantly larger than the melt-level stabilization time. This 
means that the CMI-shape transformation (Ws value) continues for a long time 
period after melt-level stabilization [24]. 

Consequences of CMI-shape transformation on thermal-balance distur¬ 
bance were observed in CsI(Na) on forced change of the control (bottom) heater 
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Figure 16.1 Trends of heater temperature, melt level, and crystal diameter after forced 
increase of pulling rate from 2 to 5 mm and corresponding increase of feeding rate during KCI 
growth. The moment of increase is shown by the dashed line. 



Figure 16.2 Visualization of macrodefects initiated by forced decrease of control heater power 
in a longitudinal cut of an as-grown 320-mm diameter Csl(Na) crystal [28]. 
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temperature (Figure 16.2) [28]. Macrodefects appear in the center part of crystal 
as the heater power (melt temperature) decreases. This indicates that temperature 
fluctuations lead to sharp changes in the crystallization rate in the CM I central 
part and influence its convexity. 

Efficient prevention of undesirable CMI shape transformations maybe provided 
by adjustment of temperature, but not by changes of feeding/pulling rate. The 
evaluations (16.4) show that the time of crystallization-rate stabilization after melt 
temperature change r T for KC1 is by 2 orders of magnitude smaller than after a 
pulling and feeding rate change T v [26] (C P -heat capacity of melt, I-latent crystal¬ 
lization heat, G-temperature gradient at CMI). Theoretically, this ratio may be 
changed by a large increase in G. However, this means is not acceptable, because 
the growing crystal will be subjected to severe thermal overstress causing 
cracking. 

—--^- = 40-400 (16.4) 

Tt GC P 

Melt-temperature fluctuations can also cause periodical fluctuations of crystalli¬ 
zation rate. It is known [21] that the melt-convection pattern at Czochralski grow¬ 
ing depends on thermal and forced convection. The first causes ascending fluxes 
along the crucible walls and descending fluxes in the crucible center. The forced 
convection initiated by crystal and/or crucible rotation creates fluxes of melt in 
the opposite direction. A certain balance between these two factors must be sus¬ 
tained to maintain a stable temperature near CMI. For instance, measured 
temperature fluctuations in KC1 melt due to thermal convection and forced con¬ 
vection reach 6-7 °C (Figure 16.3). It was noted that the observed inclusions in 
crystals (striations) appear with the same time periodicity as these fluctuations 
[26]. Choosing optimal crystal and crucible rotation rates and directions provides 
a decrease of fluctuation amplitude by several fold. Melt-temperature fluctuations 
±1-2 °C usually do not lead to formation of inclusions. In practice, for large AHC 




(a) 


(b) 


Figure 16.3 KCI melt temperature fluctuations without forced convection (a) and in optimized 
regime of crucible rotation (b). The crucible diameter is 500mm [26], 
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this condition may be achieved at crystal and crucible rotation rates in the range 
1-5 rpm. 


16.4 

Dynamics of Thermal Conditions during Continuous Growth 

Equation 16.4 illustrates why diameter control during continuous AHC growth is 
provided by correction of the bottom-heater power. The second heater on the 
periphery of the crucible is installed for melting of a feeding material [29]. The 
process of bottom heater control during real growth with feeding is the following 
(Figure 16.4). At the beginning (cone growth and start of cylinder growth) the 
heater temperature (power) must be decreased to initiate crystallization. The 
bottom heater temperature increase (“stage of inhibition of crystallization”) starts 
at about 100 mm length when the crystal emerges from the crucible and heat 
transfer from its surface sharply intensifies. Finally, the heater power stabilizes 
when the crystal height reaches a certain value (200-400mm). The given heater 
power trend is observed for setups with cylindrical crucible shape [11, 22]. For 
setups with conical crucible shape [22, 30], the heater power may increase just 
after seeding due to other heat-removal effects from the crystal. 

Numerical modelling of heat and mass transfer in the furnace is able to predict 
growth stages with sharp changes of thermal conditions and maximal probability 
of macrodefect formation [31]. The dynamics of heat transfer during 300-mm 
diameter CsI(Na) growth in a growth setup with a cylindrical-shaped crucible [11] 
was calculated using the CGSim program package [32]. Boundary conditions for 
simulation (temperature across the crystal and other furnace elements) was deter¬ 
mined by a IR pyrometer and thermocouples. A numerical model was proposed 
to make a conjugated analysis of heat exchange, melt and gas flows in the growth 



Figure 16.4 Dynamics of control-heater temperature during growth of KCI single crystals. 
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Figure 16.5 Temperature distribution, and melt and gas convection in a ROST-type setup at 
Csl(Na) growth of 300mm diameter [32], 


setup with account being taken of radiative heat transport in the semitransparent 
crystal and melt. 

Simulation illustrates a temperature distribution in the crystal (Figure 16.5) 
together with nonlinear changes of temperature gradient (Figure 16.6). The 
thermal gradient slope at a crystal cylindrical part height = 50 mm (that is, 
overall crystal length about 100 mm) shows a significant heat-transfer increase if 
the crystal emerges from the crucible. This growth stage is dangerous from the 
point of CMI transformations and macrodefect formation (see Figure 16.6). A 
growth-rate decrease at this stage or adequate correction of heater power prevents 
macrodefect formation. 

Returning to Figure 16.4, one can see that at the same stage (at a crystal height 
about 100 mm) the heater-temperature trend changes its sign from negative to 
positive, evidencing a CMI shape change; herein, CMI stabilizes faster for larger 
crystal diameters (400 mm). This phenomenon is in agreement with Equation 
16.1, which shows that diameter deviation from a steady value can be decreased 
at a minimal possible difference ( D 2 p l -djp s ) between the crucible and crystal 
diameters. However, at small (D 2 pi - dip s ) values the lateral heater primarily used 
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Figure 16.6 The distribution of temperature 
and axial temperature gradient along the side 
crystal surface at Csl(Na) growth of 300mm 
diameter [32] (the symbols show the 


measurements, the solid heavy lines stand 
for the computation). Below-macrodefects 
in as-grown crystal for H cyl about 50mm. 


for raw-material melting also substantially influences the CMI shape. Conse¬ 
quently, its power must also be regulated during growth. 

At the same time, power-correction frequency and its amplitude must be limited 
in order to avoid superposition of sequent regulation events. The optimal frequency 
of correction impulses was determined by forced variation of the heater power for 
CsI(Na) growth of 300mm in diameter [33]. The temperature trend after variation 
of power on the main and lateral heaters was measured at the crystal surface near 
CMI (Figure 16.7). The time of system response increases with crystal size. The 
temperature stabilization time is 5-10 min at the beginning of growth, and 10-15 
min for a crystal length of 120mm. The time of temperature stabilization after the 
bottom heater regulation is less than for a lateral heater at the start of growth. 
Lateral heater correction becomes more efficient with increase of crystal size. 


16.5 

Advanced Growth-Control Algorithms 

Summarizing the analyzed data, the requirements for the growth furnace and 
control system for continuous AHC growth should be the following: 
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Figure 16.7 Time of crystal-temperature stabilization after forced variation of the bottom 
(curve 1) and lateral (curve 2) heaters during growth of 300-mm diameter Csl(Na) [33], Places 
of temperature measurement at different growth stages are shown by the arrows. 


• The system is more reliable if two independent heaters are installed. The 
bottom heater regulates crystal diameter by feedback scheme from the melt- 
level probe, and the lateral heater is used for raw-material melting, respectively. 

• Melt volume in the crucible should not be too large, in accordance with 
Equation 16.1, and not too small in order to avoid disturbance of the steady- 
state conditions at the CMI caused by fed melt inflow. 

• The interval of acceptable growth rates is 2-6mm/h. 

• The amplitude of temperature fluctuations at the CMI must not exceed 1-2 °C. 

• The time range between consecutive temperature regulations depends on 
crystal size and should be not less than 10 min at the start of growth and not 
less than 20 min in the end of growth. 

Growth-control algorithms for large-size AHC were developed in two direc¬ 
tions. Their peculiarities were described in detail in [22, 30]. In the first method, 
the crystal pulling and melt feeding are continuous in accordance with mass 












294 | 76 Continuous Growth of Alkali-Halides: Physics and Technology 

balance. Crystal diameter is controlled by heater power by a feedback scheme [23, 
24, 29]. The main problem of this method is feeding-rate uniformity, because 
melt-level changes due to nonuniform feeding are attributed by the system to a 
crystal-diameter change, and an incorrect temperature correction is made. It 
appeared that good feeding uniformity is provided only for granulated starting 
material with uniform particle size due to peculiarities of the raw-material feeding 
apparatus [22]. 

The problem of feeding nonuniformity is eliminated in the algorithm with 
discrete feeding and pulling suggested in [34]. A growing crystal is pulled with a 
certain frequency. The crystal control system calculates the crystal diameter by the 
melt-level decrease and adjusts the main-heater temperature. Feeding with raw 
material starts after pulling, and it stops when the melt rises to the initial level. 
The temperature is adjusted once per cycle. 

Discrete pulling and feeding are connected with periodical changes of crystal 
and melt temperature disturbing the steady-state conditions. The measured ampli¬ 
tude of temperature fluctuations for 300-mm diameter CsI(Na) growth reaches 
3°C. Temperature changes on crystal pulling and melt feeding can be decreased 
by a synthesis of the described methods (“method with background feeding”) [35]. 
Feeding by small portions (background feeding) is provided during the crystal 
pulling along with basic feeding in the periods without crystal pulling (Figure 
16.8). the amplitude of the single pulling is decreased by several fold. The tem¬ 
perature is adjusted by the system both during pulling and during the basic 
feeding. The thermal fluctuation amplitude on feeding for large crystals of 450- 
500mm diameter decreases to 1-2 °C. 

Continuous growth with the d s /D ratio up to 0.9 allows larger crystals to be 
obtained without increase of crucible size. However, the vicinity of the lateral 



Figure 16.8 Melt-level changes during growth control by the algorithm with background 
feeding [35], 
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Figure 16.9 Two-circuit method of growth-process control [36], 


heater to the crystal side surface may call for a significant increase of the crystal- 
undermelt section without visible changes of crystal diameter above the melt 
surface [27]. This problem may be solved by prompt regulation of the lateral heater 
power implemented in the control algorithm with simultaneous correction of both 
bottom and lateral heaters (Figure 16.9) [36]. The method is based on tight correla¬ 
tion of crystal diameter with temperature in the lateral crucible. It was shown that 
a constant crystal diameter is maintained at constant temperature in the lateral 
crucible [27]. The second circuit in two-circuit control comprises a lateral heater 
the power of which is adjusted by a feedback scheme from an infrared sensor 
measuring the temperature in the outer (lateral) crucible. 


16.6 

Summary 

The alkali-halide market calls for more and better performance large-size single 
crystals for optical and scintillation applications. The most advanced continuous- 
growth technology with the family of techniques on the basis of the raw-material 
feeding approach satisfies the main application specification. The core advantage 
of these technologies is the ability to sustain the steady conditions at the crystal/ 
melt interface during growth (heat balance, constant crystallization mass rate, 
fixed CMI shape, good melt homogeneity). This allows uniform activator distribu¬ 
tion along the crystal and functional parameters to be sustained. At the same time, 
new developments in the process algorithms and control-system upgrades 
improved the process: provide fixed CMI position and shape, stable melt composi¬ 
tion during the growth, temperature fluctuations at CMI below 1-2 °C, good melt 
mixing, as well as precise diameter control for crystals with weight of several 
hundreds of kg. This demonstrates large-size continuous crystal-growth improve¬ 
ment and the ability to optimize a proper industrial process. 
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The present chapter discusses possibilities of sustaining the given principles in 
different methods of growth from melt, in particular, advantages and drawbacks 
of the modified Czochralski-Kyropoulos method used for large-size AHC. Also, a 
review of recent works concerning peculiarities of heat- and mass-transfer at AHC 
growth, and optimization of automated growth control algorithms is presented. 
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17 

Trends in Scintillation Crystals 

Alexander V. Cektin 


17.1 

Introduction 

The scintillation method of radiation detection has been in progress since the 
invention of the very first scintillators. The first material that was in wide use then 
was a man-made crystal of Nal(Tl) discovered in 1949 [1]. This landmark achieve¬ 
ment provided an impetus for active insertion of the scintillation technologies into 
diverse applications. Before analyzing the state-of-the-art trends, a few historic 
digressions are in order. At first, in the mid-past century, there were predominant 
problems of detection of radiation de facto as well as those associated with locating 
the radiation sources. For this reason, the requirements for scintillators were 
limited by the ultimate registration needs, the so-called counting-mode detectors 
being in high demand. A gradual development of the electronics shifted the accent 
toward the radiation spectroscopy and verification of radionuclide types and their 
activities. In view of the above, the main attention was concentrated on R&D of 
the spectroscopy-grade scintillators. In the past few years, or even the last decade, 
a new trend has become clearly established, namely, the visualization of radiation 
fields and images. 

In this way, besides high energy resolution the detection systems now have 
special requirements, such as a high spatial resolution. The optimum combination 
of these requirements depends on the application areas and the specifics of the 
detector. In high-energy physics applications, scintillators are an integral part of 
the electromagnetic and hadron calorimeters that register the results of the inter¬ 
actions of particle beams [2]. Any calorimeter is a granulated hodoscopic system 
(as a rule, a ball or barrel calorimeter) consisting of many individual large-size 
(tens of centimeters) crystal elements. Here, the spatial pattern is reconstructed 
due to the recovery of signal trains registered by each individual element of the 
hodoscope. Predominant of late in the astrophysics area have been gamma- 
and X-ray telescopes that visualize the image of radiation sources in the inter- 
galactic space. Large-size scintillators are also in wide use here on account of 
the range of registered energies being broad enough. In radiation medicine diag¬ 
nostics one of the issues of modern PETs (positron emission tomography) and 
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SPECTs (single-photon emission computer tomography) [3] is achieving high 
enough resolution to enables inspection of even small details of the human body. 
In this case, the resolution is as high as 1-4 cm, and it is implemented either by 
dedicated algorithms (the Anger-type algorithm for a gamma camera), or by using 
matrix detectors in which the signal is read out by each scintillator with subsequent 
computer reconstruction of the spatial pattern. The best spatial resolution pattern 
has been achieved to date in visualization of X-rays. Prominent here are two main¬ 
stream directions: 1) the scintillation film visualization with subsequent CCD 
cameras readout or a:Si + CsI(Tl) screens and 2) the scintillation arrays or matrix 
X-ray CT (computer tomography) [4]. X-ray image visualization is commonly used 
in medicine, security applications, industrial defectoscopy, and so on [5]. In these 
systems the resolution can be as high as millimeters or even tenths or hundredths 
of millimeters. 

The above examples indicate that the tendency in advancement for the high 
spatial resolution technologies has come to embrace all of the leading scintillator 
areas of applications. The general technical solution in all cases is the transition 
from large-size crystals to various kinds of detector arrays and matrices that consist 
of many individual scintillation elements. The evolution of this kind made the 
researchers concentrate their efforts in two principal directions. First, develop¬ 
ment of novel materials that would be suitable for use in pixels and manufacture 
of matrix detectors, secondly, on development of suitable new crystalline forms 
(films, ceramics) of detectors with a high spatial resolution. 


17.2 

Novel Scintillation Materials 

Long ago, the widening of the scintillation applications area ran the idea of the 
ideal scintillator creation into the ground. The past decade saw the “specialization” 
of scintillation materials according to their efficiency for various applications. In 
this respect, it is important to emphasize that not only do the recently discovered 
materials (first two rows in Table 17.1) have a high efficiency of radiation detection, 
but they also prove suitable for radiation image visualization systems. Above all, 
this concerns LSO, GSO and LYSO crystals for medical PET systems [6]. 

The beginning of the twenty-first century was marked by the appearance of a new 
family of scintillators, lanthanum halogenides doped with ions Ce 3+ ions [7, 8]. 
These materials have a considerably higher absolute light yield, with respect to the 
conventional alkali-halide scintillators (Nal(Tl), CsI(Tl), CsI(Na)), and, as a result, 
an energy resolution across the range 2.9-3.3% ( 137 Cs source). These discoveries 
formed the basis for the development of devices with a high spectroscopic effi¬ 
ciency. The underlying physics of this kind of efficiency and the specifics of proc¬ 
esses occurring during the scintillation spike are described in Ref. [9]. The most 
important here is the fact that, in contrast to the conventional halides and oxide 
(BGO, CWO, LSO etc.) scintillators, the time span of industrial-grade development 
has been reduced from 10-12 years to 2-4 years. The physical and technological 
features of the single-crystal growth today are described in detail in Refs. [9-11]. 
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Table 17.1 List of the main scintillators available for imaging systems. 


Scintillator 

Density 

g/crrf 

Attenuation 
length at 

511 keV, mm 

Photoelectric 

effect 

% 

Light yield 
Phot/MeV 

Decay 

ns 

Emission 

max 

mm 

Nal:H 

3.67 

29.1 

17 

41000 

230 

410 

Bi 4 Ge 3 Oi2 (BGO) 

7.1 

10.4 

40 

9000 

300 

480 

Lu 2 SiO s : Ce(LSO) 

7.4 

11.4 

32 

26000 

40 

420 

Lu 2 (i_ X )Y2 X Si0 5 : 

7.1 

12 


30000 

40 

420 

Ce (LYSO) x = 0.1 







LuAI 0 3 : Ce (LuAP) 

8.3 

10.5 

30 

11000 

10160 

385 

Lu*Y 2 *AI0 3 : 

7.3 

13.5 

27 

13 000 

20 200 

380 

Ce (LuYAP) x = 0.2 







LaCI 3 : Ce 

3.86 

28 0 

14.7 

46000 

25 (65%) 

350 

LaBr 3 : Ce 

5.07 

223 

13.1 

70000 

16 (97%) 

380 

Lul 3 : Ce 

5.6 

182 

28 

90000 

6-40 (72%) 

472535 


A distinctive feature of the past several years is the rise in development of a new 
direction in the scintillation technique. This deals with advanced spectroscopy 
portals (ASP) that are used for detection and control over relocation of the radioac¬ 
tive materials. The key role in this is the capability of discrimination between 
defense isotopes and civilian ones. The need for detection of low-activity sources 
and the capability of ASP to identify radionuclides on the basis of spectroscopic 
properties of a scintillator has provoked a new spiral of R&D on high-efficiency 
scintillators. That is to say that, earlier the main driving forces for scintillator 
development were high-energy physics and nuclear medicine, and now they have 
security systems added to them. The key requirements for scintillator in this case 
are the ultimately high light yield, good energy resolution, and, which is most 
important, the feasibility of production of large-sized single crystals at a reason¬ 
able cost. 

The detection of weak radiation fluxes allows the use of slow scintillators, that 
is, materials with decay times in the microsecond range. This led the researchers 
to the renaissance of Eu 2+ -containing scintillators. Table 17.2 cites examples of the 
most advanced research in these materials. One can see that the absolute light 
yield has been achieved, and in many instances exceeded, the level of 100000 
photons/MeV, which was quite recently the theoretical limit of the scintillator 
efficiency. There have been many innovations of the SrI 2 :Eu type, which are 
40-year-old discoveries in physics [12]. It is important to note that, in both the past 
and up to today, the industrial-grade technologies for these scintillators are absent. 
A surge in R&D in this direction may well be expected soon. Obviously, in the 
meantime, the APS development trends will inevitably lead to new generations of 
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Table 17.2 New scintillation materials based on Eu z+ crystals. 


Scintillator 

P 

g/cm 3 

^■eff 

Lum, 

nm 

~E e eV 

LYtheor 

Ph/MeV 

P LY 
Ph/MeV 

yLY 

Ph/MeV 

R % 

662 keV 

Srl 2 (Eu) 

4.549 

49.4 

435 

3.7 

111000 

110000 

120000 

2.8 

SrBr 2 (Eu) 

4.216 

36.1 

410 

4.0 

100000 

25 000 

20000 

7 

Bal 2 (Eu) 

5.150 

54.1 

422 

3.9 

103 000 

40000 

35000 

8 

BaBr 2 (Eu) 

4.781 

45.5 

406 

4.1 

98000 

22000 

16000 

11 

Cal 2 (Eu) 

4.000 

48.0 

467 

3.5 

114000 

110000 

110000 

5.2 

LaBr 3 (Ce) 

5.080 

44.1 

360 

4.5 

89000 

60000 

60000 

2.6 


the portals that will provide, along with selective spectroscopy, for visualization of 
the source location. This is to say that the general trend in the growth of the role 
of radiation image visualization and R&D carried out in concomitant engineering 
are sure to bring passive surveillance systems into play. 


17.3 

Scintillation Detectors for Image Visualization and Growth Techniques for 
Scintillation Crystals 

Historically, the first ideas for digital visualization using scintillation detectors 
were brought forward by successful R&D on active inspection (airport) scanners 
and those used in the medical X-ray CT. Each of the directions has outlived several 
generations of the scanners. In the former case, the design was based on detector 
arrays that were as predominant then as they are now. In the medical applications 
there was a noticeable transition from arrays to matrix detectors [3, 4]. The latter 
tendency concerns increasing X-ray radiation energy and the need for ever thicker 
detectors, for the transverse dimensions of pixel to become smaller and smaller. 
This development brings about a change in manufacturing technologies and a 
transition from single-crystal arrays to ceramic scintillators [4]. 

Another independent field of matrix detectors in medical diagnostics is the use 
of PET scanners. In contrast to X-ray CT, PET uses the registration of annihilation 
gamma-quanta (511keV) and calls for a relatively large volume of the matrix; the 
typical pixel sizes are in the range of 3 to 5 mm. In this way, as far as the manu¬ 
facture of matrix detectors is concerned, the classical technologies of crystal cutting 
are very relevant, indeed. Companies such as GE Healthcare, Siemens Medical 
Solutions, and Philips Medical Systems employ LSO, LYSO, GSO crystals in their 
scanners that actively replace the earlier predominantly utilized BGO crystals. One 
of the main requirements for such scintillators (along with the high density, 
Z-value, and light yield) is for the decay time to be small, in the range of 20-30 ns 
decay times. Yet, the desire for a higher resolution capability as a trade-off for the 
time-of-flight technology will make the requirements for decay time more strin- 
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Table 17.3 Typical materials and parameters for scintillation element 
separation in arrays and matrices. 


Separator 

Thickness 

Reflectivity 

MgO powder 

1mm 

100% 

Tetratex 

0.15 mm 

98% 

Reflector paint 

0.05 mm 

95% 

Epoxy paint 

0.1mm 

94% 

Metals 

0.05 mm 

>70% 

VM2000 foil 

0.05 

96% 


gent. Therefore, Ce 3+ -activated oxides (Table 17.1) will become dominant in the 
future to ensure short scintillation decay times. 

One of the outstanding merits of the oxide scintillators is their nonhygroscopic- 
ity. We know of attempts at employing the crystals Nal(Tl), CsI(Tl), LaCl 3 :Ce, 
LaBr 3 :Ce as pixels for matrix detectors, however, none of them culminated in the 
development of a commercially available scanner sue to their hygroscopic nature. 

The major parameters of the matrix detector are its pixel or element size and 
crosstalk between adjustment channels (usually -2.4%). However, there are a 
number of other extremely important parameters that look at the state-of-the-art 
for arrays and matrix assembly. The tendency to minimize the pixel size currently 
leads to the following minimal commercially available elements: 1.0mm for 
Nal(Tl), 0.3mm for CsI(Tl), CdW04, BGO, and 0.8mm for LSO and LYSO [13]. 
The latter relates to the separator (septa) type and such thickness (see Table 17.3) 
that prevents light leakage from neighboring pixels. Note that one of the most 
important functional requirements for the assembly is its homogeneity, which 
affects the signal spread from channel to matrix channel. To achieve the perfect 
assembly, it is necessary that the parameters of the crystal be uniform and that 1) 
the lateral surfaces of the element be treated in such a way that would make for 
homogeneous light collection in all elements of the matrix (array) and that 2) the 
dimensions of the elements and entire assembly be maintained with precision. 
The distance from the center of one element to the center of an adjacent one 
should exactly correspond to the PD (photodiode) array geometry. Thus, mechani¬ 
cal cutting and assembly become the key factors of the technology as a whole. 

One of the alternatives to crystal cutting is an attempt to grow a crystal with an 
assigned transverse cross-section. Small-diameter, long-length crystals (fibers) are 
of considerable interest for potential scintillation arrays and matrix technology 
development. The physical basics of this approach were first proposed by Stepanov 
in 1936 [14] (see, Figure 17.1a, classical Stepanov (CS) method). Later, this method 
was modified many times over and many of its subspecies are known to be in use 
to date (see, Figure 17.1b-d), such as the edge-defined film-fed growth (EFG), the 
growth from an element of shape (GES), and the inverted Stepanov (IS) growth. 
The latter is closest to the method that was transformed into the so-called micro¬ 
pulling method (|i-PD) [15, 16] in the past few years. Schemes for crystal fiber 
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Figure 17.1 (a) classical Stepanov (CS) method; (b) edge-defined film-fed growth (EFG); 

(c) growth from an element of shape (GES); (d) inverted Stepanov (IS) growth. 


growth are found in Figure 17.2. There are a few modifications that allow for 
preparing elongated single crystals with a diameter in the range of 0.05-1.0 mm. 
In general, the p-PD technique involves growing single crystals through a micro¬ 
nozzle (die) by pulling them in a downward direction [15, 16]. The growth appa¬ 
ratus includes a heated platinum crucible, an annealing furnace and a seed holder 
with a lowering mechanism. The axial gradient in the vicinity of the crystal/melt 
interface can reach 200-300 C/mm, which is the cause of the ultrafast crystalliza- 
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Figure 17.2 Scheme for the micropulling down method (g-PD). 1 -RF-heater, 2-Ceramic 
holder, 3-Crucible, 4-Fiber. 


tion. (In this case, crystals can be grown of an assigned cross-section at high 
growth rates, that is, the feasibility is there for a high-productivity manufacturing 
process). As a first step, the oriented polycrystalline seed material is grown down, 
but at later stages the preferential crystallographic orientation is developed by the 
necking process. Despite many attempts at modeling the formation process of the 
stable growth stage and the minimization of oscillations of the melt meniscus 
mold (and the subsequent instability and irregularity of the cross-section of the 
crystal) [15], the growth of the perfect inorganic fiber scintillator still remains a 
highly state-of-the-art process. 

Yet another challenge has to do with the functional inhomogeneity of the fiber. 
Nearly all of the scintillators in use today are activated (doped) crystals. The inho¬ 
mogeneous distributions of the activator are associated with the dependence of 
the segregation coefficient of dopant on the fiber crystallization rate (17.1) [17]. As 
a result, the activator distribution is not uniform enough through the fiber. The 
core of a pixel has a lower scintillation efficiency relative to the peripheral regions. 

(17.1) 

where k = C S /C L , (C s and C L -activator concentration in crystals and melt, D is the 
diffusion coefficient, V is the growth rate, and S is the distance of the freezing 
interface. 

However, a few different scintillation materials have been successfully grown 
by the micro-pulling-down (p-PD) technique in the last several years [18, 19], but 
the crystal perfection is still far from meeting the high-level requirements for 
medical applications. 


L ff = fe 


fe + (l-k)e' D ' 


17.4 

High Spatial Resolution Scintillation Detectors 

The history of registration and visualization of X-ray imaging began with the 
discovery by Roentgen. For more than half a century screen-film technology was 
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used to produce images and for visual control. Late in the twentieth century, the 
shortcomings of this film technology became an obstacle to the progress of science. 
Since 1995 a trend has become well formulated in the development of digital 
systems for radiography. Today, the high acquisition costs of the equipment are 
the main obstacles to digital radiography technology being used widely. Yet, this 
technology has a number of advantages over the preceding technologies. This is 
to indicate an improved quality of imaging, an increased productivity and a better 
health treatment. From this viewpoint, the change of the generations has taken 
place very rapidly. According to some estimates, in 2008 the market of the digital 
X-ray diagnostic hardware was on the order of 80 thousand new systems across 
the world (estimated revenue of 28 billion USD). 

Most widely used is flat panel technology that employs an indirect process of 
X-ray conversion similar to screen-film radiography. Those systems use a scintil¬ 
lation material, for example, CsI(Tl) or Gd 2 0 2 S:Tb, which absorbs the X-ray energy 
and converts it into light. The energy of the light is converted into a photonic signal 
using a matrix of thin-film diodes (TFD) and registered for the readout by an 
analog-to-digital converter (ADC) (thin-film transistor [TFT]) or by CCD-reader. 

Another approach includes matrices of light diodes based on amorphous 
hydrogenated silicon. Originally, the a-Si:H photodiodes were developed as high- 
efficiency photovoltaic transducers for solar-energy production [20], however, their 
subsequent upgrading has turned them into a viable replacement for CCDs. Major 
features of matrices based on a-Si:H are their high radiation resistance, relative 
low production costs and a possibility of forming large-area matrices, up to 
43 x 43 cm 2 . An important factor is that the CsI(Tl) layer can be deposited imme¬ 
diately on those matrices by vacuum deposition that excludes the need, in the 
intermediate devices, for light photon transmission from the scintillation layer to 
the photodetector. The matrix has primary signal processing units connected to 
it, including a line-addressing system, preamplifiers, multiplexers, and ADCs. The 
implementation is made of an integration device used for imaging, and uses the 
digital signal at the output [21]. 

The matrix detector consists of a scintillation screen connected directly to a 
complex of silicon photodiodes. The unique feature of the scintillation matrix 
based on CsI(Tl) or Gd 2 0 2 S is its fast data reading, up to 30 frames per second, 
which provides for useful applications of these detectors in X-ray radiography and 
fluoroscopy. 

A fundamental problem of scintillation and storage film screens is the limitation 
of the spatial resolution owing to the light spread inside the film proper. This 
phenomenon is evident from Figure 17.3. As a result, the outgoing light has a 
washed-out profile instead of the ideal signal distribution (Figure 17.3 bottom) 
which results in decreasing spatial resolution. This problem is enhanced as the 
X-ray energy is raised. In this event thicker films would be in order to retain the 
high registration efficiency. As a result, we have an enhancement of the light 
output spread of the scintillation flash point. The conventional polycrystalline 
films are considered to be Lambert sources that radiate uniformly in all directions 
off the track of interactions with a particle or a quantum. The size of the light spot 


17.4 High Spatial Resolution Scintillation Detectors 


307 



Figure 17.3 Light scattering and output signal shape for polycrystalline scintillation film. 



Figure 17.4 Light collection along the bar of columnar-structured scintillation film. 


on the output surface in this case is equated to roughly double the layer thickness, 
which determines exactly its spatial resolution. 

The key idea about overcoming the above problem is to use films with a colum¬ 
nar structure (Figure 17.4). The implication in this case is such that each of the 
film columns acts simultaneously as scintillator and light guide concentrating all 
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the light on the column exit endface. Obviously, the lengthening of the column 
length allows for registration of quanta with greater energies without incurring 
substantial losses to the light output and spatial resolution on the endfaces. 

This approach is based on a remarkable feature of CsI(Tl), as reported in refs. 
[22-24], which is the formation of columnar layer morphology during vacuum 
deposition. The refractive index of Csl is 1.78 corresponding to the critical angle 
for total reflection being about 34° at the scintillator emission wavelength (560nm). 
As a result, different from the isotropic phosphorus, the columnar morphology of 
CsI(Tl) layers provides for directivity in light propagation and promotes decreasing 
light diffusion in the lateral direction, the acceptable solution still being there. 

The vacuum deposition method is used to produce CsI(Tl) layers of various 
thicknesses (from several micrometers to more than several hundred micro¬ 
meters) which had the columnar morphology. The layer morphology is evident, 
as a rule, from SEM images. The samples are transverse chippings of the film on 
the substrate that are covered with a thin layer of carbon to preclude distortions 
in the electron microscopy image due to the charge accumulation. Typical images 
of the transverse chippings of those samples are given in Figure 17.5. 

By analyzing the images of the transverse cross-sections of the layers, the fol¬ 
lowing conclusions can be made: 

• The characteristic thickness of columnar aggregates can be as low as 10 micro¬ 
meters, which predetermines the subsequent spatial resolution; 

• The surfaces of columnar aggregates are very smooth that stimulates the total 
internal reflection; 

• It is not always possible to obtain a layer consisting of a set of uniform columns 
with a smooth surface; the self-organized layer growth in this morphology calls 
for the observance of a certain deposition mode. 

The formation of columnar morphology during the vacuum deposition of 
CsI(Tl) layers is often proposed to be interpreted within the structural zone model 
(SZM) [24, 27, 28]. We shall now consider the peculiar features of the realization 
of SZM, as observable during the vacuum deposition of CsI(Tl). 

The first study on the variation of the morphology of thick condensates of metals 
and some oxides during the deposition onto a substrate that has a temperature 
gradient on its surface was given in Ref. [27]. It was clear that three characteristic 
zones were formed in the direction of the gradient in which the layer-formation 
mechanism differed and depended on a given temperature. Zone evolution 
depends on Ts/Tm, where Ts is the substrate temperature, and Tm is the conden¬ 
sate melting temperature as is shown in Figure 17.6. Zone I is located in the region 
Ts/Tm < 0.3; for Zone III Ts/Tm > 0.5. Between those zones is a transitional Zone 
II, in which due to acceleration of the surface diffusion of adatoms the competition 
begins for aggregate growth with the most favorable orientation. Some of the 
grains grow out due to absorption of their neighbors that are in less favorable 
positions energetically, although due to the insufficient diffusion this absorption 
occurs incompletely. As a result, a peculiar substructure is formed that contains 
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Figure 17.5 SEM view of columnar structure Csl(TI) film. Li F substrate (upper photo) and 
glass substrate (bottom). Condensation temperature 300°C [25, 26], 


regions of growing grains. This process can be completed during the growth in 
Zone II, where volume diffusion plays a major role and the competition for growth 
leads to the formation of aggregates with a more favorable orientation, which are 
aligned as columns with a smooth surface. 

The SZM was developed for thick layers of metals and oxides. Also, the columnar 
growth was made for semiconductor compounds as well [29, 30], where, depending 
on the substance, a shift of boundaries was observable between the zones over the 
temperature scale. For the CsI(Tl) layers, deposited at different temperatures and 
onto different substrates, the self-organized growth was observable, and as a rule, 
with distinct homogeneous columns. Violations of the homogeneity appear as a 
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Figure 17.6 Zone model scheme [28]. 


result of deviations from the deposition-mode stability both in temperature and in 
condensation rate. In this way, the stability of the deposition mode is a major factor 
determining the homogeneity of growth of the columnar aggregates in the film. An 
increase in the rate of condensation up to 50-100A/s limits the mobility of mole¬ 
cules incident on the substrate and causes the condensation conditions to shift to 
Zone II, even if the substrate temperature is 300°C. Time and again [22, 31], 
attempts have failed to achieve self-organized growth of the homogeneous columns 
of CsI(Tl) with smooth walls after the vacuum deposition. In those cases, the 
researchers had to resort to an additional operation of the surface profiling in order 
to form the sites of nucleation and growth of the aggregates. 

If we use as substrate the matrix of a-Si (Figure 17.7), then we have a scintillator- 
photodiode sandwich, that is, the preimage of a detector that is ready to visualize 
X-ray images. Exactly, these kinds of technical solutions are realized in systems 
by companies such as Philips, Trixel, and so on. 

Note that the technologies of a:Si + CsI(Tl) have many nuances and proprietary 
know-how that allow for perfection of the scintillator structure. As an example, 
Figure 17.8 presents an external view of a matrix with the regular pixel structure 
produced by a dedicated thermal treatment of the crystalline film. A separate effort 
is associated with deposition of the special protective film [32] on the hygroscopic 
CsI(Tl) layer. 

On the whole, one can safely say that the epitaxial (film) methods of X-ray scin¬ 
tillator manufacture with a high spatial resolution have matured to the level of the 
industrial-grade frame of reference. Moreover, with the scintillation detector 
problem now resolved, the way has been paved to the full transition to digital 
techniques in radiography. 


17.5 

Conclusions 


The diversity should be emphasized in the trends of development of the modern 
scintillation techniques and scintillation materials. The development and diversi- 
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Figure 17.7 Regular Si substrate for columnar film growth [31]. 



Figure 17.8 SEM images of the pixel structure Csl(TI) scintillator [32], 


fication of the dedicated radiation registration devices and areas of their applica¬ 
tions bring out the necessity of finding novel technical solutions. Each of the cases 
faces R&D on new scintillation crystals, development of the techniques of synthe¬ 
sis for raw materials and crystal growth, engineering and technologies of such 
detectors that would be based on the novel solutions, and, finally, correct design 
and manufacture of the new devices. The progress in radiation registration tech¬ 
nologies triggers a string of state-of-the-art research and development, testing, and 
manufacture. In this respect, the above trends and instances of the scintillation 
materials and detectors used for visualization of radiation imaging can serve as a 
typical example of such tendencies over the past decade. 
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Crystal Machining Using Atmospheric Pressure Plasma 

Yasuhisa Scmo, Kazuya Yamamura, and Kazuto Yamauchi 


18.1 

Introduction 

In plasma-processing technologies, plasma is usually generated at a low pressure; 
however, Professor Yuzo Mori’s group has used atmospheric-pressure plasma 
since 1986. In atmospheric-pressure plasma, the density of radicals is very high; 
thus, a high processing rate is expected. Also, the mean free path of gas molecules 
is very short (about 0.1pm), therefore the ion energy in the plasma is very low, 
which results in a damage-free processed surface, which is particularly important, 
especially for semiconductor crystals. Because the region of plasma with a short 
mean free path is localized in an area with high electric field intensity, this results 
in a maskless process. When a plasma is generated at atmospheric pressure 
including a halogenide gas or oxygen, only the surface facing the localized plasma 
is chemically etched or oxidized. In this chapter, two crystal-machining tech¬ 
niques using atmospheric-pressure plasma are described. One is plasma chem¬ 
ical vaporization machining (PCVM). A general description of the process and 
recent topics such as beveling and thinning silicon carbide (SiC) wafers are 
described. The other technique is numerically controlled sacrificial oxidation. Its 
basic concepts and application to uniformizing silicon on insulator (SOI) sub¬ 
strates are described. 


18.2 

Plasma Chemical Vaporization Machining (PCVM) 

18 . 2.1 

General Description of PCVM 

PCVM is plasma etching using atmospheric pressure plasma (Figure 18.1a) [1-7]. 
It has a high removal rate and no damaged layer is formed on the processed 
surface because of the low ion energy. Also, the removal area is limited to near 
the localized plasma region. In the case of etching using low-pressure plasma, a 
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Figure 18.1 Schematic of PCVM: (a) machining mechanism and (b) various types of 
electrode used with PCVM. (Reproduced from Scheel and Capper: Crystal Growth Technology, 
476, Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA with permission (b).) 


mask pattern must be prepared to create a structure on the surface. However, in 
PCVM, mask patterns are not needed. There are a number of applications of 
PCVM using various electrodes (Figure 18.1b) including cutting using a wire 
electrode, slicing using a disk or inner-diameter blade electrode, polishing using 
a cylinder electrode, and figuring using a pipe or spherical electrode. 

18.2.2 

Machining of SiC by PCVM 

SiC has attractive properties such as a wide bandgap, high thermal conductivity, 
a high breakdown electric field, and high thermal stability. It is a suitable substrate 
for low power consumption power devices and high-temperature applications. 
However, because of its hardness and chemical stability, there are few efficient 
machining methods. Figure 18.2 shows an example of a procedure for fabricating 
an SiC power device. An SiC wafer is formed by crystal growth, slicing, lapping, 
beveling, and polishing. Then, the device wafer is fabricated by the processes 
shown in the figure. After processing the device, it is thinned, diced, and packaged. 
Mechanical machining processes are used in slicing, lapping, polishing, thinning, 
and dicing. We are currently considering the replacement of these mechanical 
machining processes with chemical processes such as PCVM [8, 9] and catalyst- 
referred etching [10,11]. Basic studies on beveling [12] and thinning [13] processes 
by PCVM have been carried out, as discussed in more detail below. 
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Figure 18.2 Example of procedure for fabricating SiC power device. 


18.2.3 

Beveling of SiC Wafer 

18.2.3.1 Background 

Beveling is essential for preventing the chipping of particles from the edge of a 
wafer during surface polishing. It is desirable that the beveled surface has no 
microcracks and that no particles are detached from the surface. Therefore, we 
consider that PCVM is a highly suitable beveling method for SiC wafers because 
it is a chemical process and leaves no microcracks on the processed surface. 

18.2.3.2 Apparatus and Experimental Method 

Figure 18.3 shows a schematic of the PCVM beveling apparatus. It was designed 
in order that a ring-shaped atmospheric-pressure plasma is generated by supply¬ 
ing RF power between the SiC wafer and the outer electrode. This enables high- 
efficiency etching of the entire circumferential surface. An SiC wafer was fixed in 
position using a vacuum chuck. The chamber was evacuated to replace the initial 
air with reactive gases. The ratio of the reactive gases was controlled using mass- 
flow controllers (He:SF 6 = 99:1), and gas was supplied up to a pressure of 1 atm. 
The reactive-gas mixture flows from the lower side to the upper side of the elec¬ 
trode through the plasma region. Then, the plasma breaks down upon the supply 
of a 13.56-MHz RF power source. The gap between the circumferential surface 
and the outer electrode is 500 pm. The shape of the outer electrode corresponds 
to the orientation flat of the wafer, resulting in gap uniformity. In addition, a 
dielectric membrane is formed on the outer electrode surface to prevent the gen¬ 
eration of arc-discharge plasma with thermoelectronic emission and secondary 
electron emission and to maintain the low temperature and stability of the plasma. 
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Figure 18.3 Schematic of PCVM beveling apparatus. (Reprinted from Kato et al., Mater. Sci. 
Forum 600-603, 844, Copyright 2009 Trans Tech Publications.). 


The sample used was a 2-inch 4H-SiC (0001) on-axis wafer (n-type, 0.01-0.05 Q 
cm). The (0001) Si face of the wafer was the lapping surface, and the C face (back 
side) was the sliced surface. The wafer was machined for 20 min with an rf power 
of 160 W. 

18.2.3.3 Results and Discussion 

Figure 18.4 shows cross-sectional images of both unprocessed and processed 
edges of the wafer viewed using a scanning electron microscope (SEM). It is clear 
that the sharp edge was rounded after machining. This appears to be mainly 
caused by the high radical density near the edge because of the high concentration 
of the electric field there. Figure 18.4 also shows top and bottom views of the edges 
of both Si and C faces obtained using a Nomarski differential interference micro¬ 
scope. Both a steep and cracked edge (Si face) and a bumpy edge (C face) were 
well beveled and smoothed without the formation of any microcracks. Figure 18.5a 
shows detailed cross-sectional profiles of both the unprocessed and processed 
edges of the wafer measured using a confocal laser scanning microscope, which 
can provide cross-sectional profiles without breaking the wafer. There is no sig¬ 
nificant difference in shape between the edges of the Si and C faces. The side face 
and the corner of the wafer were processed to depths of about 30 and 75 pm, 
indicated by A and B in Figure 18.5a, respectively. The wafer was processed more 
around the edge than at other parts because of the local generation of plasma. The 
edge of the wafer was selectively etched because the density of fluorine radicals 
was highest there, since the electric field intensity was highest (Figure 18.5b). This 
means that the beveling of SiC wafers by PCVM will enable the manufacture of 
wafers with smooth edges by removing the damage at both the edges and circum¬ 
ferential surface. The shape of a wafer edge is standardized in accordance with 
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Figure 18.4 Cross-sectional SEM images of edges of SiC wafer and top and bottom views 
of edges of Si and C faces. (Reprinted from Kato et al., Mater. Sci. Forum 600-603, 845, 
Copyright 2009 Trans Tech Publications.) 
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Figure 18.5 (a) Detailed cross-sectional profiles of unprocessed and processed edges of wafer 

measured using a confocal laser scanning microscope and (b) schematic of electric-field 
intensity. (Reprinted from Kato et al., Mater. Sci. Forum 600-603, 846, Copyright 2009 Trans 
Tech Publications (a).) 
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the SEMI standard. In the beveling of SiC wafers by PCVM, the edge shape 
depends on experimental conditions such as the process pressure and reactive-gas 
composition. Therefore, it appears that arbitrarily shaped edges can be fabricated 
by optimization of the electrode shape and various experimental conditions. 

18.2.3.4 Summary of Beveling of SiC Wafer 

The beveling of a SiC wafer by PCVM was carried out. As a result, the entire 
circumference of the wafer was beveled uniformly to a smooth and round edge. 
PCVM is a chemical etching process; thus, no microcracks were formed at the 
beveled edges, which are inevitably formed in conventional grinding methods. It 
appears that PCVM can be used as an effective method of beveling the edge of 
SiC wafers. 

18.2.4 

Thinning of SiC Wafer 

18.2.4.1 Background 

A thinning process is required after device processing to reduce the on-resistance 
in vertical devices such as power metal-oxide semiconductor field-effect transistors 
(MOSFETs). Although it is easy to thin a Si wafer by conventional mechanical 
machining processes such as grinding and polishing, it is difficult to thin an SiC 
wafer with a high yield rate by these processes because its high hardness and brit¬ 
tleness cause cracking and chipping during thinning. Thus, thinning an SiC wafer 
by PCVM was attempted. PCVM has no external force that causes cracking and 
chipping because it is a noncontact machining method. 

18.2.4.2 Sample Preparation and Experimental Conditions 

A strip specimen of size 20mm x 5 mm was cut off from a 2-inch 4H-SiC (0001) 
8-degree-off-angle wafer using a diamond grinding wheel. Usually devices are 
fabricated on the Si face; thus, thinning is performed from the C face, which is 
on the reverse of the device side. The specimen was thinned from an initial thick¬ 
ness of 400 pm to 100 pm by rough mechanical polishing then was used as the 
PCVM specimen. A PCVM polishing apparatus with a cylindrical rotary electrode 
of 200mm diameter and 250mm length was used. The specimen was set parallel 
to the central axis of the electrode in order that the entire area of the specimen 
was completely immersed in the plasma. The reactive gas was 1% SF 6 balanced 
by helium, and the supplied power was 1000 W. 

18.2.4.3 Results and Discussion 

Figure 18.6a shows the relationship between the thickness of the sample and 
processing time. The thickness decreases almost linearly with increasing process¬ 
ing time. The removal rate obtained from the slope is approximately 1.5pm/min. 
After 40 min, the sample was successfully thinned to 40 pm without any cracking 
or chipping. Figure 18.6b shows a photograph of samples with thicknesses of 400, 
100, and 40 pm. It is shown that the initially colored sample became nearly trans- 
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Figure 18.6 Relationship between thickness and processing time. 
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Figure 18.7 Surface roughness (a) before and (b) after PCVM. 


parent upon thinning to 40 pm. It is possible, in principle, to thin the sample 
further because no external force is applied to the sample in PCVM. 

Figure 18.7a,b show the surface roughness of the sample before and after 
PCVM, respectively, measured using a microscope interferometer (Zygo, 
NewView200). Although the initial surface was very rough (PV [peak-to-valley]: 
more than 1pm, RMS [root-mean-square]: 80nm) because it was finished by 
mechanical rough polishing, the surface after thinning to 40 pm by PCVM became 
much smoother (PV: 3nm, RMS: 0.3 nm). This shows that thinning and smooth¬ 
ing can be simultaneously performed by PCVM. In this experiment, because the 
sample was cut from the 2-inch SiC wafer using a diamond wheel, the cut surface 
was also observed both before and after PCVM (Figures 18.8a and b), respectively) 
using an SEM. It was found that not only did the very rough cut surface become 
smooth but also the edge of the sample was beveled and rounded. This is because 
the plasma also faced the side faces of the sample. In a mechanical thinning 
process the edge of the wafer becomes sharp and chipping of the edge may occur, 
whereas in the PCVM thinning process the edge becomes rounded automatically 
and there is no possibility of chipping of the edge. 
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Figure 18.8 SEM images of cut surfaces (a) before and (b) after PCVM. 


18.2.4.4 Summary of Thinning of SiC Wafer 

The thinning of 4H-SiC (0001) wafers by PCVM was investigated. The C face of 
a strip specimen was successfully thinned to 40 pm without any cracking or chip¬ 
ping, which are unavoidable in mechanical machining methods. Furthermore, the 
surface roughness was improved after thinning and the edge of the sample was 
beveled and rounded. Therefore, it appears that PCVM can be used as an effective 
method for thinning SiC wafers. 


18.3 

Numerically Controlled Sacrificial Oxidation [14] 

18.3.1 

Basic Concepts 

Numerically controlled sacrificial oxidation consists of two steps, numerically 
controlled oxidation followed by hydrofluoric acid treatment. An atmospheric- 
pressure plasma is used for the oxidation. When plasma is generated at atmos¬ 
pheric pressure in the presence of oxygen gas, only the area that faces the localized 
plasma is oxidized, which results in the formation of an oxidation layer with an 
arbitrary thickness distribution by controlling the dwell time at each location of 
the sample. Therefore, numerically controlled oxidation can be realized by control¬ 
ling the dwell time of plasma exposure on each part of the surface. After oxidation, 
the intended surface is revealed when the sample is dipped into HF solution 
(Figure 18.9). The HF cleaning process is generally used as a final cleaning process 
in silicon wafer production. Thus, additional HF treatment is considered not 
to be necessary by combining the final cleaning process and the removal of the 
oxidation layer formed by this technique. 

The following are the advantages of this method compared with direct dry 
etching processes. First, the surface is protected from contamination during the 
plasma process because the finished surface is generated as an interface. Secondly, 
there is no need for fluoride gases such as CF 4 or SF 6 , which are used in dry etching 
processes and are well-known greenhouse gases. In this method, the gases used 
are oxygen and an inert gas, which are not only more environmentally friendly, 
but also cost effective. Thirdly, the reaction product is not a gas but a solid oxide 
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Figure 18.9 Procedure of numerically 
controlled sacrificial oxidation using atmospheric- 
pressure plasma, (a) Initial state, (b) 
numerically controlled oxidation by scanning 
speed control, and (c) dipping into 


hydrofluoric acid. (Reproduced from Sano 
et al., 2008 IEEE international SOI conference 
proceedings, 166, Copyright 2008 IEEE with 
permission.) 


film; thus, there is no need for special waste gas treatment equipment. It is also 
easy to control the gas composition during the process. Although in this method, 
HF treatment is required after the oxidation, this is not disadvantageous because 
HF cleaning must be performed even after dry etching to remove contamination. 
Thus, this method has the potential of achieving more environmentally friendly 
and ultraclean precision machining. 

18.3.2 

Basic Experiments 

18.3.2.1 Experimental Apparatus 

For experiments, we used a numerically controlled PCVM apparatus, which is 
described elsewhere [15]. This apparatus has a spherical electrode (<])200mm) for 
the generation of localized atmospheric-pressure rf plasma and a speed-controlla¬ 
ble X-Y table. The oxidation characteristics of silicon were examined. A p-type 
8-inch bulk silicon wafer was used as a specimen. The crystal orientation was (100) 
and the resistivity was 10-20Q cm. Gas with composition He:0 2 = 98:2 was used 
to fill the chamber to atmospheric pressure after evacuating air from the chamber. 
The gap between the electrode and the specimen was 0.5 mm, and the supplied rf 
power was 750 W. The thickness of the oxide layer was measured by spectroscopic 
ellipsometry (SPORA, GESP-5). 

18.3.2.2 Oxidation Mark 

Figure 18.10a shows the distribution of the thickness of the oxide layer after 1 min 
of oxidation. The distribution has a convex shape and is nearly axisymmetric. This 
is caused by the distribution of the gap between the spherical electrode and the 
specimen. The gap at the center of the plasma is 0.5 mm, whereas that in the 
plasma-boundary region is approximately 1.6 mm. Thus, the electric-field strength 
and the density of oxygen radicals are maximum at the center of the plasma, which 
results in such a distribution. We call this distribution the “oxidation mark”. 
Figure 18.10b shows the relationship between the oxide thickness at the thickest 
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Figure 18.10 Basic oxidation characteristics, (a) Thickness distribution of oxide layer 
after 1 min oxidation (oxidation mark) and (b) relationship between oxide thickness and 
oxidation time. (Reproduced from Sano et al., 2008 IEEE international SOI conference 
proceedings, 166, Copyright 2008 IEEE with permission.) 


part of the oxide layer and the oxidation time. The thickness increases rapidly in 
the first few minutes, but the rate of increase is low after 10 min. The former 
indicates reaction-controlled growth and the latter indicates diffusion-controlled 
growth. To obtain good controllability, numerically controlled oxidation should be 
performed during the linearly increasing period of the reaction-controlled growth. 

18.3.2.3 Oxidation Rate 

To ensure that the oxide thickness can be efficiently controlled by the dwell time, 
the relationship between oxide thickness and table speed was examined. After the 
plasma was broken down, a silicon wafer was moved in one direction at a constant 
speed of V. This produced a band-like oxidation area, as shown in Figure 18.11a. 
The thickness profile was measured by spectroscopic ellipsometry and evaluated 
by its width and maximum thickness. Figure 18.11b shows the relationship 
between the oxide thickness and dwell time. The dwell time has an inverse rela¬ 
tionship with table speed. The figure shows that the oxide thickness was pro¬ 
portional to the dwell time. It seems that reaction-controlled growth is more 
dominant than diffusion-controlled growth in such a thin oxide region. Figure 
18.11c shows the relationship between the width of the oxide area and the dwell 
time. It is shown that the width did not change with dwell time. This means that 
the size of the plasma did not change with table speed. From these results, it is 
shown that numerically controlled oxidation is feasible by controlling the scanning 
speed. 

18.3.2.4 Surface Roughness 

The roughness of the surface after sacrificial oxidation followed by HF treat¬ 
ment was evaluated. The reduction in thickness was approximately 3 nm. Surface 
roughness was measured by atomic force microscopy (AFM). The surface rough¬ 
ness of the as-received silicon wafer was also measured for comparison. Figures 
18.12a and b show AFM images of the surface of the as-received silicon wafer and 
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Figure 18.11 Thickness profiles of oxide at various scanning speeds, (a) Schematic of 
experiment, (b) relationship between thickness of oxide and scanning speed, and 
(c) relationship between width of oxide and scanning speed. (Reprinted from Sano et ai, 
J. Cryst. Growth 310, 2175, Copyright (2008), with permission from Elsevier.) 
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Figure 18.12 AFM images of surface of silicon wafer, (a) As-received silicon wafer, 

(b) processed wafer, and (c) power spectral densities of (a) and (b). (Reprinted from 
Sano et ai, J. Cryst. Growth 310, 2175, Copyright (2008), with permission from Elsevier.) 
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processed wafer, respectively. It is clear that all values of roughness, such as PV, 
RMS and centerline average roughness (Ra) were improved. It seems that the 
roughness, particularly that of the high-frequency component, decreased. Figure 
18.12c shows the power spectral densities of both surfaces shown in Figures 
18.12a and b. It is clear that the surface roughness was improved, particularly for 
a spatial wavelength of up to 50 nm. The reason for the improved roughness is 
qualitatively considered to be that the oxidation reaction proceeds not only in the 
vertical direction into the substrate but also in the lateral direction. Therefore, the 
nanometer-scale convex regions are considered to become smaller and finally to 
disappear as the oxidation progresses. 

18.3.2.5 Summary of the Basic Experiments 

The basic experiments of numerically controlled sacrificial oxidation were con¬ 
ducted using a silicon substrate. As a result, it was found that the thickness of the 
oxide produced was proportional to the dwell time of the plasma for the oxide 
thicknesses of less than 5 nm. It was also found that the surface roughness was 
improved, particularly for a spatial wavelength of 10-50 nm. 

18.3.3 

Improving Thickness Uniformity of SOI 
18.3.3.1 Background 

Semiconductor substrates such as silicon and related materials are required to be 
increasingly precise and of increasingly high quality. A silicon-on-insulator (SOI) 
wafer is one such substrate with a layered silicon-insulator-silicon structure. 
MOSFETs fabricated on the top thin silicon layer of an SOI wafer operate faster 
and at a lower power than those fabricated on a bulk silicon wafer. SOI MOSFETs 
have been installed in high-end CPUs for high-performance computers and in 
low-power LSIs for wristwatches. The scaling down of MOSFETs, which improves 
performance, results in thinner SOI wafers being required. An SOI layer of less 
than 20 nm is required for the dynamic random-access memory (DRAM) half-pitch 
node of 40nm [16]. In addition, the deviation of the thickness is required to be 
within ±5% because of the need for threshold voltage uniformity. To fabricate such 
an ultrathin and highly uniform SOI wafer, conventional polishing methods 
cannot be applied. Thermal expansion and mechanical vibration render precise 
thickness control impossible. In addition, a crystallographically deformed layer 
is introduced into the machined surface because plastic deformation or brittle 
fracture is utilized in machining mechanisms. The thinning of an SOI layer 
by numerically controlled PCVM (NC-PCVM) was reported. Using NC-PCVM, a 
commercially available 8-inch SOI wafer was thinned. Although the SOI layer 
thickness of 97.5 ±4.7nm was successfully reduced to 7.5 nm and the deviation 
was improved to 1.5 nm by NC-PCVM [17], greater accuracy is desired. Thus, 
numerically controlled sacrificial oxidation was attempted as a more precise 
finishing technique to improve the thickness variation of an SOI. 


18.3 Numerically Controlled Sacrificial Oxidation 
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Hydrofluoric acid 


(c) 

Figure 18.13 Procedure for finishing SOI by numerically controlled sacrificial oxidation, 
(a) Initial state, (b) numerically controlled oxidation by controlling the scanning speed of 
the plasma, and (c) dipping into HF solution after oxidation. (Reprinted from Sano et al., 
J. Cryst. Growth 310, 2176, Copyright (2008), with permission from Elsevier.) 


18.3.3.2 Procedure for Uniformizing 

Figure 18.13 shows the procedure for finishing the SOI by numerically controlled 
sacrificial oxidation. Figure 18.13a shows the initial state. The thickness distribu¬ 
tion of the silicon layer of the initial SOI wafer is measured by spectroscopic 
ellipsometry or reflection spectroscopy. The scanning speed at each point V(x,y) 
is calculated as the inverse of the dwell time, which is computed so that silicon of 
the redundant thickness at each point can be completely oxidized. Then, numeri¬ 
cally controlled oxidation is performed by controlling the scanning speed of the 
plasma using the calculated V(x,y) (Figure 18.13b). After oxidation, the uniform 
silicon layer is revealed when the wafer is dipped into HF solution (Figure 18.13c). 

18.3.3.3 Uniformizing of 300mm SOI [18] 

A commercially available p-type (|>300-mm SOI wafer was used. The thickness of 
the top silicon layer was 60 nm, the thickness of the buried oxide layer was 145 nm, 
the crystal orientation was (100), and the resistivity was 8-120 cm. Figure 18.14a 
shows the thickness distribution of the silicon layer of the as-received wafer meas¬ 
ured by reflection spectroscopy. The spatial resolution used in the measurement 
was 1 mm, and the data for the outer 10 mm edge were excluded (that is, measure¬ 
ment was over a circular area with a diameter of 280 mm). Figure 18.14b shows the 
thickness distribution of the wafer processed by numerically controlled sacrificial 
oxidation. A raster scan method with a pitch of 1 mm was used to control the X-Y 
table motion. Figure 18.14c,d show histograms based on the distributions shown 
in Figures 18.14a and b, respectively. P-V indicates the range of the thickness, 
and a is the standard deviation of the thickness. The range was improved from 2.4 
to 0.9nm, and the standard deviation was also improved from 0.334 to 0.136nm. 
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Figure 18.14 Thickness distributions of top silicon layer of SOI wafer, (a) As-received 
(|)300-mm SOI wafer, (b) processed (|>300-mm SOI wafer, (c) histogram based on (a), and (d) 
histogram based on (b). (Reproduced from Sano eta!., 2008 IEEE international SOI confer¬ 
ence proceedings, 166, Copyright 2008 IEEE with permission.) 


It is clear that the initial thickness distribution was corrected with high accuracy. 
The main cause of the residual thickness fluctuation was considered to be that 
the size of the plasma was much larger than the spatial wavelength of the thick¬ 
ness fluctuation of the as-received wafer. Thus, a more uniform SOI is expected 
to be formed when a smaller plasma is applied using a smaller electrode. 

183.3.4 Summary of Improving Thickness Uniformity of SOI 

Numerically controlled sacrificial oxidation using localized atmospheric-pressure 
plasma was applied to the ultraprecision finishing of an SOI wafer. As a result of 
applying this finishing technique to a commercially available (|>300-mm SOI wafer, 
the range was improved from 2.4 to 0.9nm, and the standard deviation was also 
improved from 0.334 to 0.136 nm. It was shown that numerically controlled sac¬ 
rificial oxidation is very effective for finishing an ultraprecision SOI wafer. 


18.4 

Conclusions 

Using atmospheric-pressure plasma, a high processing rate, a damage-free proc¬ 
essed surface, and a maskless process can be achieved because of its high radical 
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density and short mean free path. Two crystal-machining techniques using atmos¬ 
pheric-pressure plasma, PCVM and numerically controlled sacrificial oxidation 
have been described. 

As recent topics of PCVM, the beveling and thinning of a SiC wafer, were inves¬ 
tigated. As a result of beveling a 2-inch 4H-SiC (0001) wafer, the entire circumfer¬ 
ence of the SiC wafer was beveled uniformly to a smooth and round edge with no 
microcracks. In addition, the C face of a strip 4H-SiC (0001) substrate was suc¬ 
cessfully thinned to 40 pm without any cracking or chipping. Furthermore, surface 
roughness was improved after thinning. It appears that PCVM can be used as an 
effective method of beveling and thinning SiC wafers. 

Numerically controlled sacrificial oxidation is a recently developed ultraprecision 
machining technique using atmospheric-pressure plasma. As a result of basic 
experiments using a silicon substrate, it was found that the thickness of the oxide 
produced was proportional to the dwell time of the plasma for the oxide thick¬ 
nesses of less than 5 nm. It was also found that the surface roughness was 
improved. By applying numerically controlled sacrificial oxidation to improving 
the thickness uniformity of a commercially available (J>300-mm SOI wafer, the 
range of thickness was improved from 2.4 to 0.9 nm. It was shown that this tech¬ 
nique is very effective for finishing an ultraprecision SOI wafer. Although the 
application range of this technique is limited to a finishing with a small amount 
of removal at this time, it will be expected to be broadened to such areas as figur¬ 
ing, polishing, and patterning by concurrent use of a heating technique which 
enables larger removal. 
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